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representing  Y_  as  a  function  of 
<1-l)  * 

Coefficient  used  in  representing 
Y  as  a  function  of  ♦ 


Coefficient  used  in  representing 
Yy  as  a  function  of  r 


Second  order  coefficient  used  in 
representing  Y  as  a  function  of  v 


First  order  coefficient  used  In 
representing  Y  i  i  sa  a  function 
of  (n-D 

First  order  coefficient  used  in 
representing  Y  as  a  function  of  <r 


First  order  coefficient  used  in 
representing  Y.  as  a  function  of 

/._t \  ” 


A 


Angle  of  drift 


9 


r 


Angle  of  drift  relative  to  fluid 


Deflection  of  flanking  rudder. 


Deflection  of  steering  rudder 


*r- 


a 


• ,  v 

V  “  u 
6.'  “  -5- 


Stssdy  rudder  angle  at  1th  execute 
in  an  overshoot  or  slgxag  oaneueor) 
1  “  1,2,3 . 


Flanking  rudder  deflection  rate 


Steering  rudder  deflection  rate 


1 


^  .  JL 


Ship  propulsion  redo; 


u 


c 


ait' 


XV 


Heeding  or  yeu  angle 

Heading  angle  at  l**1  execute  In 
an  overahoot  or  zigzag  maneuver, 
measured  from  value  at  flrat 
execute;  1  ■  2,3.... 

Rate  of  cli&nge  of  heading 

a  j  ji  Height  of  loop  at  neutral  rudder 

"  u  engle  from  spiral  maneuver 

•  t.  Ml 

m  f  —  Rate  of  change  of  heading  at  1 

1  u  execute  In  an  overshoot  or  .zigzag 

maneuver;  l  ■  2,3..... 

<bL  Frequency  of  oaclllatlon 
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PLANAR  MOTION  MECHANISM  TESTS 


The  following  notation  is  used  in  discussions  pertaining 
to  LAHPMM  testing  and  data  reduction. 


Symbol 

K 


nd 


n 


T 

U 


Definition 


Calibration  constant  millivolts  per 
engineering  unit. 

Number  of  cycles  of  motion  over  which 
the  signal  is  integrated  during  an 
LAHPMM  test. 

Propeller  revolution  rate,  positive 
for  direction  of  rotation  corres¬ 
ponding  to  ahead  motion. 

Period  of  oscillatory  motion  of  PMM. 

Linear  velocity  of  origin  of  body 
axes  relative  to  fluid.  Since 

U  -  \  ua  +  v8  ,  U  always  is  taken  as 
a  positive  quantity. 

Carriage  Velocity. 

Spacing  of  towing  pivots  in  model. 

v  ■  VL 


1  Designates  forward  gage  of  pair. 

2  Designates  after  gage  of  pair. 
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CURVE  FITTING 


The  following  notation  is  used  in  discussion  of  curve  fit 
procedures . 


Symbol 


Defintion 


a,  b,  c 


d,  e,  f 


Aj  ,  A2  ,  Aj  ,  Ai, 


Coefficients  in  expression  of  near-bank 
effects  on  lateral  force  and  yaw  moment 

Coefficients  in  expression  of  axial 
force  as  function  of  propeller  loading. 

Coefficients  in  expression  of  lateral 
force  and  yaw  moment  as  functions  of 
total  vector  velocity  at  rudder  when 
rudder  angle  is  zero. 

Coefficients  in  expression  of  lateral 
force  and  yaw  moment  as  functions  of 
total  vector  velocity  at  rudder  when 
drift  vector  velocity  at  rudder  when 
drift  is  zero  and  rudder  is  deflected. 

Coefficients  in  expression  of  hydro- 
dynamic  function  changes  with  depth- to- 
draft  ratio. 
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NEAR-BANK  EFFECTS 


The  following  notation  is  used  in  discussion  of  near-bank 
effects . 


Symbol 


Definition 


a,  b,  c 


B 

F 

H 

P 

s 

T 

y 


Curve-fit  coefficients  defining  F  as 
function  of  B,  H,  and  T. 

Beam  of  vessel. 

General  form  representing  hydrodynamic 
coefficient. 

Water  depth. 

Subscript  referring  to  port. 

Subscript  referring  to  starboard. 
Vessel  draft. 

Distance  between  vessel  and  bank  at 
water  surface. 


B 


Nondimens ional  bank  distance  parameter, 
S  =  B/y. 
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SHALLOW  WATER  EFFECTS 


The  following  notation  is  used  in  discussion  of  shallow 
water  effects. 


Symbol 


Definition 


A! ,  A2 ,  A 3  f  A 4  Curve-fit  coefficients  defining  R  as  a 

function  of  a  for  each  hydrodynamic 
coefficient. 


H 

R 

T 


Water  Depth. 

Ratio  of  hydrodynamic  coefficient  in 
shallow  water  to  value  in  deep  water. 

Vessel  Draft. 


o 


Draft  to  Depth  Ratio,  T/H. 
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1.0  INTRODUCTION 

Tracor  Hydronautics,  Incorporated  has  conducted  for  the 
U.S.  Coast  Guard,  under  Contract  DTCG  23-82-C-20041 ,  a  study  of 
the  maneuverability  of  typical  river  tows  in  the  Upper 
Mississippi  River.  This  program  was  funded  by  the  U.S.  Army 
Corps  of  Engineers  with  technical  and  administrative  assistance 
provided  by  the  U.S.  Coast  Guard. 

The  investigation  includes  extensive  model  tests  in  both 
deep  and  shallow  water,  development  of  a  method  for  predicting 
tow  hydrodynamic  coefficients,  and  simulations  of  tow  behavior 
as  a  function  of  channel  dimensions  and  potential  obstacles  to 
navigation. 

The  contract  is  divided  into  three  basic  phases.  The 
first  phase,  the  development  of  a  method  for  predicting  tow 
hydrodynamics  and  the  use  of  this  method  to  predict  sets  of 
coefficients  for  two  typical  tows,  is  presented  in  Reference  1. 
The  second  phase  involves  model  tests  in  deep  and  shallow  water, 
with  and  without  banks  and  wing  dams  and  with  two  towboat  drafts 
(7.5  and  9.0  feet).  Computer  simulations  of  various  maneuvers 
were  made  utilizing  results  of  the  model  tests.  These 
investigations  are  presented  in  this  report.  The  third  phase, 
describing  results  of  the  hands-on  simulation  studies,  will  be 
presented  in  a  later  report. 

Tne  primary  objective  of  thi$  second  phase  was  to  develop  a 
maneuvering  model,  for  a  typical  river  tow,  with  experimentally 
determined  hydrodynamic  coefficients. 

This  report  presents  the  model  tests,  the  analyzed  results 
of  these  tests,  the  mathematical  models  using  these  results, 
and  simulated  definitive  maneuvers.  The  tests  include  tow 
hydrodynamics  in  deep  water,  water  depth  effects,  bank  effects. 
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wing  dam  effects  and  wavy  or  irregular  bottom  effects.  All 
results  presented  in  this  report  are  for  a  3900  hp  towboat  and  a 
tow  of  15  loaded  barges. 
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\ 


1 . 0  INTRODUCTION 


Tracor  Hydronenitics,  Incorporated  /is  preparing  for  the 
U.  S.  Coast  Guard,  under  Contract  DTCG  23-82-C-20041 ,  a  study  of 
the  maneuverability  of  typical  river  tows  in  the  Upper 
Mississippi  River.  This  program  is  iieing  jointly  funded  by  the 
Coast  Guard  and  the  U.  S.  Jinny  Corpa  of  Engineers. 

The  investigation  includes  /Extensive  model  tests  in  both 
deep  and  shallow  water,  development  of  a  method  for  predicting 
tow  hydrodynamic  coef f icientsX  and  simulations  of  tow  behavior 
as  a  function  of  channel  dimensions  and  potential  obstacles  to 
navigation.  /  \ 

The  contract  is  divided  into  three  basic  phases.  The 
first  phase,  the  development  of  a\  method  for  predicting  tow 
hydrodynamics  and  the  nse  of  this  ikethod  to  predict  sets  of 
coefficients  for  two  typical  tows,  is  ^resented  in  Reference  1. 
The  second  phase  involves  model  tests  in\deep  and  shallow  water, 
with  and  without  ba/ks  and  wing  drms  and  (kith  two  towboat  drafts 
(7.5  and  9.0  feel j .  Computer  simulationsXof  various  maneuvers 
were  made  utilizing  results  of  the  moa^l  tests.  These 
investigations  are  presented  in  this  report. \  The  third  phase, 
describing  results  of  the  hands-on  simulation 'studies,  will  be 
presented  in  k  later  report.  \ 

The  primary  objective  of  this  second  phase  wa^  to  develop  a 
maneuvering  model,  for  a  typical  river  tow,  with  experimentally 
determined  hydrodynamic  coefficients. 

This  report  presents  the  model  tests,  the  analyzed  results 
of  tlvese  tests,  the  mathematical  models  using  these  results, 
and  Simulated  definitive  maneuvers.  The  tests  include  tow 
hydrodynamics  in  deep  water,  water  depth  effects,  hank  effects. 
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Table  1 

Principal  Geometric  Characteristics  of  the 
15-Barge  Tow  and  Towboat  with  7.5  Foot  Draft 


Full  Scale 

Model 

Length  of  Tow  and 

Towboat,  LOA,  feet* 

1130.0 

37.667 

Beam  of  Tow,  feet 

105.0 

3.500 

Length  of  Towboat, 

LOA,  feet 

140.0 

4.667 

Beam  of  Towboat,  feet 

38.0 

1.267 

Draft  of  Tow,  feet 

9.0 

0.300 

Draft  of  Towboat,  feet 

7.5 

0.250 

Displacement,  (feet)3 

930,250.0 

34.454 

Trim 

Level 

Level 

Propeller  Diameter,  feet 
(Twin  Screw) 

8.5 

0.283 

Linear  Scale  Ratio 

1.0 

30.0 

*  Conversion  from  English  to  SI  units 


1  Foot 

1  Horsepower 

1  Pound 
1  Slug 

1  Miles  per  hour 


0.3048  meters 
1.0139  Horsepower 
0.7459  Kilowatts 
4.448  Newtons 
14.59  Kilograms  mass 
0.5144  Meters  per  second 
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Table  2 

Principal  Geometric  Characteristics  of  the 
15-Barge  Tow  and  Towboat  with  9.0  Foot  Draft 


Full  Scale 

Model 

Length  of  Tow  and 

Towboat,  LOA,  feet 

1130. 0 

37.667 

Beam  of  Tow,  feet 

105.0 

3.500 

Length  of  Towboat, 

LOA,  feet 

140 ;  0 

4.667 

Beam  of  Towboat,  feet 

38.0 

1.267 

Draft  of  Tow,  feet 

9.0 

0.300 

Draft  of  Towboat,  feet 

9.0 

0.300 

Displacement,  (feet)* 

937,580.0 

34.725 

Trim 

Level 

Level 

Propeller  Diameter 
(Twin  Screw),  feet 

8.5 

0.283 

Linear  Scale  Ratio 

1.0 

30.0 
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3.0  TEST  EQUIPMENT ,  PROCEDURES  AND  TEST  PROGRAM 

The  experiments  were  conducted  in  the  Hydronautics  Ship 
Model  Basin  (HSMB) ,  which  is  420  feet  long  and  24  feet  wide. 
A  more  detailed  description  is  presented  in  Figure  2.  The  water 
depth  in  the  basin  during  the  deep  water  tests  was  12.5  feet, 
while  for  the  shallow  water  tests  it  was  5.4  and  4.2  inches  for 
H/T  =  1.5  and  1.17  respectively.  The  maneuvering  tests  were 
conducted  using  the  HSMB  Large  Amplitude  Horizontal  Planar 
Motion  Mechanism  (LAHPMM)  and  Carriage  No.  1 .  Reference  2 
contains  a  detailed  description  of  the  LAHPMM  system,  including 
principles  of  operation  and  the  data  acquisition  system 

Figure  3  is  a  schematic  drawing  which  shows  the  forced 
motion  mechanism,  towing  arrangement,  and  dynamometry  associated 
with  the  overall  HSME  LAHPMM  system.  The  forced  motions  are 
produced  by  means  of  a  swaying  carriage  assembly  which  includes 
means  both  for  setting  discrete  drift  angles  and  for  oscillating 
the  model  in  yaw.  The  swaying  carriage  moves  horizontally  in  a 
direction  perpendicrlar  to  the  basin  centerline  along  a  set  of 
four  rails  moun--  d  on  a  portable  support  frame  which  is  rigidly 
clamped  to  the  towing  carriage.  A  strongback  attached  to  the 
yawing  tube  provides  the  means  for  connecting  the  swaying 
carriage  through  the  bearing  and  gage  assemblies  to  the  model. 
In  this  manner,  the  strongback  is  always  aligned  with  the 
centerline  of  the  model.  Figure  4  presents  a  more  detailed 
drawing  of  the  LAHPMM  attached  to  a  ship  model.  Figures  5  and  6 
are  photographs  of  an  actual  installation. 

For  the  static  mode,  the  swaying  carriage  is  first  locked 
in  place  with  the  model  aligned  with  the  basin  centerline;  the 
drift  angles  are  then  set  manually  (with  model  at  rest)  by  means 


FIGURE  2  -  HYDRONAUTICS  SHIP  MODEL  BASIN  SPECIFICATIONS 


REPRINTED  FROM: 

INTERNATIONAL  TOWING  TANK  CONFERENCE  CATALOGUE  OF  FACILITIES 
TOWINC  TANKS,  SEAKEEPING  AND  MANEUVERING  BASINS  SECTION 

HYDRONAUTICS,  Incorporated  USA 

7210  Pindell  School  Rd. 

Laurel.  Maryland  20810 

HOD  776-7M5't  Telex:  8  7585 

Hydronautics  Ship  Model  Basin  (HSMB)  19(1 


126m 


■  Wavemaker 
Plunger 


7 . 3ro  ■  ■  ej 


Deep  Water 
Test  Section 


V. 


j  DESCRIPTION  OF  CARRIAGES:  No.  1  No.  2 

i  TYPE  OF  DRIVE  SYSTEM  AND  TOTAL  POWER:  Electro-Hydraulic,  56  kW  (75  HP),  (Both) 
MAXIMUM  CARRIAGE  SPEED:  6.1  m/s  10.7  m/s 

- ! 

WAVE  GENERATION  CAPABILITY;  Regular  and  Irregular 
WAVEMAKER  TYPE  AND  EXTENT:  Wedge-type  plunger 
BEACH  TYPE  ANO  LENGTH:  Sloping  grid 

METHOD  OF  IRREGULAR  WAVE  GENERATION:  Sine-pot  apparatus 

OTHER  CAPABILITIES:  Deep  water  test  section  (3.35  m  dia.  x  13. 1  m  deep) 

'  INSTRUMENTATION:  On-board  real-time  comouter 

I 

(  Data  acquisition  system 

MODEL  SIZE ;  210m 

TESTS  PLKTORMll).  Surface  ship  resistance,  powering,  seakeeping  -  maneuvering 

Suhiii.it  ino  resistance,  lowering,  maneuvering 
Olfslune  structures  tests 


HYDRONAUTICS 

INCORPORATED 


LAHPMM  TWO-AXIS 

CONTROL  SERVED 

UNIT  CONTROLLER 


a.  OVERALL  SYSTEM 

FIGURE  3  -  SCHEMATIC  OF  HSMB  LAHPMM  SYSTEM 
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\  OUTLINE  Of 
y-«  TYPICAL 


—  13?'. 

(Ul.) 


MSMB 

CAJtltAGf  iAY 


SWAY  tIMIT 
SWITCH 


YAW  FEEDBACK 

for 


SWAY  SERVO 
MOTOR 


GEAR  BOX' 


BALL-BEARING; 
JACK  SCREW  | 


YAW  SERVO  LINEAR-BALL  BEARING  RAILS 
MOTOR  FOR  SWAY  CARRIAGE 

\Y«=>1  !  \  j  I 

\\pRIFT  ANGLE  POT  \  ]  J 

jT  —SWAY  CARRIAGE  \  |  j 

7/  yaw  limit  \  I  J 

SWITCH  \  Lj 


GEAR  BOX 


DRIFT  ANGLE 
SETTING  AND 
LOCK  OUT 


<  fa!  Plan  view 


OKI  FT  ANGLE 
SETTING  HANDLE 


PMM  SUF  PORT 
FRAME 


YAWING 
'  TUBE 
SWAYING 
CARRIAGE 


DRIVE  MOTOR 


adjustable  spacing 


PMM 

"  strongback 


transmission  gear  box 

OYNAMOMEUR(S)  | RH  ord  LH 

Oylfw)  »Koln) 


X'  BLOCK  GAGE  PNIUMAT ICALL  Y 

controlled  mooei 

,  *  Kin  ntru  LOCK -OUT  ASSfMUY. 


HEAVE,  YAW,  AND  PITCH 
REARING  ASSEMBLY 


(b)  Elevation  view 

FIGURE  4  -  INTEGRATED  SURFACE  SHIP  TOWING  SYSTEM  USED 
FOR  RESISTANCE,  PROPULSION  AND  LAHPMM  TESTS 


b  )  Close-up  View  of  Swaying  Carriage,  Yaw  Servo  and 
Sway  Servo  Systems 

FIGURE  4  -  HSMB  LAHPMM  WITH  MARINER  MODEL  ATTACHED 


#. 


FIGURE  5  *  SWAYING  CARRIAGE  SERVO-BALL-BEARING  JACK 
,CREW  DRIVE  SYSTEM 
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of  a  spring-loaded  locking  pin  which  can  be  set  in  2-degree  in¬ 
crements  over  a  range  of  ±30  degrees.  For  the  oscillatory 
modes,  the  swaying  carriage  and  yawing  tube  are  independently 
actuated  by  separate  DC  servo-motor  and  control  systems. 
Sinusoidal  motions  can  thereby  be  produced  which  cover  the 
following  continuous  ranges:  frequencies  from  about  0.01  to 
0.20  Hertz;  linear  (single)  amplitudes  up  to  3  feet;  and  angular 
(single)  amplitudes  up  to  30  degrees.  For  the  pure  swaying 
mode,  the  swaying  carriage  system  is  operated  with  the  yawing 
tube  system  locked  at  the  zero  setting.  For  the  yawing  mode, 
the  yawing  tube  is  operated  simultaneously  at  equal  frequency 
with  the  swaying  carriage,  but  with  a  90-degree  phase  lag;  the 
yawing  amplitude  setting  is  determined  directly  as  a  function  of 
the  swaying  amplitude  and  carriage  speed.  The  net  result  is  to 
produce  a  pure  yawing  motion  in  which  the  model  centerline  is 
always  tangent  to  the  path.  For  yaw-sway  coupling  tests,  the 
system  is  operated  in  what  otherwise  would  be  the  pure  yawing 
mode,  but  with  a  superimposed  c  >nstant  drift-angle  setting. 

For  the  PMM  tests  of  surface  displacement  ship  models,  each 
of  the  two  gage  .ssemblies  consists  of  an  X-  and  a  Y-gage  and 
the  yaw  bearino  or  gimbal.  The  arrangement  allows  the  model  to 
be  free  in  heave  and  pitch  while  providing  stiff  restraint  to 
longitudinal  force,  X,  lateral  force,  Y,  yawing  moment,  N,  and 
roll  moment,  K.  The  base  plates  of  the  two  gage  assemblies  are 
mounted  in  the  model  so  that  the  gimbal  centers  are  aligned  and 
equidistant  from  the  reference  point  or  longitudinal  center  of 
gravity,  LCG,  location.  In  the  case  of  surface  ship  models 
which  are  buoyant  and  free  to  trim,  the  LCG  or  reference  point 
is  the  same  for  both  model  and  prototype  ship.  Since  the  gages 
move  with  the  model,  they  measure  lateral  force,  Y,  and  longitu¬ 
dinal  force,  X,  components  with  respect  to  a  body  axis  system 
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(origin  at  model  CG),  as  opposed  to  the  lift-drag  components 
associated  with  the  fixed-axis  system.  With  the  PNN  gage 
arrangement  shown  in  Figure  4,  the  total  Y-force  exerted  on  the 
model  is  experienced  as  a  pure  reaction  at  each  of  the  gimbal 
centers;  the  moment  about  each  of  these  centers  is  zero.  Thus, 
the  total  Y-force  is  equal  to  the  vector  sum  of  the  forces 
measured  by  the  Y i  and  Y2  gages  and,  because  of  symmetry,  the 
yawing  moment,  N,  is  equal  to  the  vector  difference  between  the 
Yi  and  Y2  forces  times  the  distance  from  that  gimbal  center  to 
the  CG.  Similarly,  the  vector  sum  of  the  pure  reaction  forces 
measured  for  the  Xj  and  X2  gages  is  equal  to  the  total  X-force, 
but  since  the  reaction  X-forces  are  aligned  with  the  longitu¬ 
dinal  axis,  there  is  no  contribution  to  the  yawing  moment. 

For  this  test  program,  the  X-gages  used  had  a  design  range 
of  ±25  pounds  and  the  Y-gages  had  a  design  range  of  ±50  pounds. 

The  wing  dam  and  bank  tests  were  conducted  in  the  same  two 
water  depths  used  for  the  shallow  water  tests.  For  these  tests, 
wing  dams  and  a  45*  sloping  bank  were  fabricated  from  galvanized 
steel  sheet  and  placed  on  the  tank  floor.  Figure  7  shows  the 
wing  dams  and  bank  together  with  their  arrangement  in  the  model 
basin.  Tests  were  carried  out  using  the  PMM  sway  table  to  set  a 
desired  spacing  between  model  and  bank  (or  wing  dam),  and  a 
drift  angle  variation  was  then  conducted  for  each  spacing. 

To  measure  model  position  in  the  freerunning  tests,  a 
lightweight  pantograph  arm  was  attached  between  towing  carriage 
and  model.  The  output  from  potentiometers  mounted  on  the 
pantograph  gave  measures  of  model  surge,  sway  and  yaw  motions 
relative  to  the  carriage.  A  history  of  carriage  position  was 
obtained  by  integrating  the  carriage  speed  record  and  referenc¬ 
ing  the  result  to  position  pulses  given  by  a  photocell  tripped 
by  flags  at  several  points  along  the  run. 


FIGURE  7  -  SKETCH  SHOWING  WING  DAMS  AND  BANKS  IN  THE  HSMB 
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A  wavy,  or  irregular,  bottom  was  installed  over  a  portion^ 
of  the  model  basin  floor  to  simulate  typical  observed  bottom^ 
sand  waves.  The  waves  were  made  of  galvanized  sheet  stiffened 
on  the  underside.  To  avoid  flow  of  water  under  and  through  the 
structure,  all  seams  were  taped  and  data  was  taken  only  when  the 
model  was  well  clear  of  the  edges  of  the  irregular  bottom.  A 
prototype  wave  length  of  250  feet  was  selected  as  representative 
of  river  bottom  sand  waves.  The  prototype  wave  height  was  five 
feet,  and  water  depth  over  the  crests  was  equal  to  1.17  times 
tow  draft.  Figure  8(a)  shows  a  single  section  about  to  be 
Installed  in  the  HSMB ,  while  Figure  8(b)  pictures  the  complete, 
installed  wavy  bottom. 

The  initial  set  of  tests  was  conducted  with  the  towboat 
ballasted  to  its  design  draft  of  7.5  feet.  An  extensive  program 
of  Planar  Motion  Mechanism  (PMM)  tests  was  conducted  in  deep 
water,  at  two  depths  of  shallow  water,  and  over  an  irregular, 
wavy  bottom.  In  addition,  captive  model  and  free-running  model 
tests  were  conducted  in  shallow  water  to  determine  effects  of 
banks  and  wing  dams.  The  program  is  given  in  Table  3. 

Additional  work  was  conducted  with  the  towboat  ballasted  to 
a  draft  of  9.0  feet,  which  was  indicated  by  river  pilots  to  be 
typical  of  normal  operating  practice.  The  purpose  of  these 
tests  was  to  assess  the  differences  in  hydrodynamic  coefficients 
due  to  a  change  in  towboat  draft  and  to  provide  a  maneuvering 
mathematical  model  for  the  tow  with  the  towboat  at  the  more 
typical  towboat  operating  draft.  This  set  of  tests  included  a 
limited  program  of  PMM  tests  in  deep  water  and  the  lesser  of  the 
two  shallow  water  depths  used  in  the  tests  with  7.5-foot  towboat 
draft.  This  program  is  shown  in  Table  4. 


mm 


FIGURE  8  -  THE  WAVY  BOTTOM  INSTALLED  ON  THE  FLOOR  OF  THE  HSMB 
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Table  3 

Model  Test  Program  for  15- Barge  Tow  and  Towboat 
With  7.5-Foot  Draft 

a)  Deep  Water  PMM  Tests 


Test  Type 

Propulsion 

Ratio 

n 

Drift  Angle, Degrees 

0 

Rudder  Angle/ 
Degrees 

6 

Ahead  n  Variation 

-°°  to  “ 

0 

0 

Astern  n  Variation 

—  09  to  — 

0 

0 

Ahead  8  Variation 

0,1,2 

-2,0,2,4,6,8,10, 

14,18 

0 

Astern  6  Variation 

0,1,2 

178,180,182,184, 

186,188,190,194, 

198 

0 

Ahead  Main 

Rudder  Variation 

0,1,2,- 

0 

-5,0,5,10,15,20, 

25,30,35 

Astern  Main 

Rudder  Variation 

-1 

0 

-5,0,5,10,15,20, 

25,30,35 

Ahead  Flanking 
Rudder  Variation 

-2,-1 

0 

-5,0,5,10,15,20 

25,30,35 

Astern  Flanking 
Rudder  Variation 

l 

0,1,2,- 

0 

-5,0,5,10,15,20, 

25,30,35 

Zero  Speed 
Differential 

Thrust 

np=  o 
ns=  +“ 

0 

0 

Ahead  Differ¬ 
ential  Thrust 

np*  o 
ns*  t1 

0 

0 

Astern  Differ¬ 
ential  Thrust 

np*  0 
ns*  l1 

0 

0 
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Table  3 

Model  Test  Program  for  15-Barge  Tow  and  Towboat 
With  7.5-Foot  Draft 


a)  Deep  Water  PMM  Tests  -  Continued 


Test  Type 

Propulsion 

Ratio 

n 

Drift  Angle , Degrees 

6 

Rudder  Angle/ 
Degrees 

6 

Ahead  Pure 

Swaying 

1 

0 

0 

Astern  Pure 
Swaying 

1 

0 

0 

Ahead  Pure 

Yawing 

1 

0 

0 

Astern  Pure 

Yawing 

1 

0 

0 

Ahead  Yawing 
w/Drift  Angle 

1 

4,8 

0 

Astern  Yawing 
w/  Drift  Angle 

1 

184,188 

0 
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Table  3  (Continued) 

Model  Test  Program  for  15-Barge  Tow  and  Towboat 
With  7.5-Foot  Draft 

b)  Shallow  Water  PMM  Tests, 

Depth/Draft  =  1.50,  1.17 


Test  Type 

Propulsion 

Ratio 

n 

Drift  Angle,  Degrees 

0 

Rudder  Angle, 
Degrees 

6 

Ahead  Variation 

-  OO  to  *> 

0 

0 

Astern  Variation 

—  “  to  ■» 

0 

0 

Ahead  Variation 

0,1,2 

-2,0,2,4,8,12 

0 

Astern  Variation 

0,1,2 

-2,0,2,4,8,12 

0 

Ahead  Main 

Rudder  Variation 

0,1,2, 

0 

-5,0,5,10,15,20, 

25,30,35 

Astern  Main 

Rudder  Variation 

-1 

0 

-5,0,5,10,15,20, 

25,30,35 

Ahead  Flanking 

Rudder  Variation 

-2,-1 

0 

-5,0,5,10,15,20 

25,30,35 

Astern  Flanking 
Rudder  Variation 

0,1,2, 

0 

-5,0,5,10,15,20, 

25,30,35 

Ahead  Pure  Swaying 

1 

0 

0 

Astern  Pure  Swaying 

1 

0 

0 

Ahead  Pure  Yawing 

1 

0 

0 

Astern  Pure  Yawing 

1 

0 

0 

Ahead  Yawing 
w/Drift  Angle 

1 

2 

0 

Astern  Yawing 
w/Drift  Angle 

1 

182 

0 
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Table  3  (Concluded) 

Model  Test  Program  for  15-Barge  Tow  and  Towboat 
|  With  7.5-Foot  Draft 

d)  PMM  Tests  Over  Irregular  Bottom 


Test  Type 

Propulsion 

Ratio 

n 

Drift  Angle,  Degrees 
0 

Rudder  Angle, 
Degrees 

6 

Ahead  n  Variation 

-1  to  2 

0 

0 

Astern  n  Variation 

-1  to  2 

0 

0 

Ahead  0  Variation 

1 

-2, 0,2, 4, 6, 8 

0 

Astern  0  Variation 

1 

-2, 0,2, 4, 6, 8 

0 

Ahead  Main 

Rudder  Variation 

1 

0 

-5,0,5,10,15,20, 

25,30,35 

Astern  Flanking 
Rudder  Variation 

1 

0 

-5,0,5,10,15,20 

25,30,35 

Model  Test  Program  for  15-Barge  Tow  and  Towboat 
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4.0  REDUCTION  AND  PRESENTATION  OP  DATA 

The  data  obtained  from  the  various  tests  were  reduced  and 
analyzed  in  accordance  with  standard  model  test  procedures.  In 
particular ,  the  data  derived  from  the  Planar  Motion  Mechanism 
( PMM)  tests  have  been  reduced  to  nondimens ional  force  and  moment 
coefficients  following  the  procedures  and  notation  given  in 
References  3  and  4. 

The  output  data  from  the  PMM  tests  were  integrated  values 
of  force  signals  from  two  pairs  of  gages.  At  the  conclusion  of 
each  run,  integrated  forces  from  the  gages  were  combined  to 
obtain  longitudinal  (X)  force,  lateral  (Y)  force,  and  yawing  (N) 
moment.  Nondimensionalization  in  accordance  with  standard 
notation  yielded  nondimens ional  forces  X',  Y',  and  moment  N' 
which  were  plotted  against  appropriate  test  parameters.  Data 
plots  from  this  set  of  tests  are  presented  in  Appendices  A  and 
B.  Hydrodynamic  coefficients  were  derived  from  curve  fits  to 
these  graphs  as  discussed  in  Appendix  C.  Table  5  presents  the 
hydrodynamic  coefficients  for  the  7.5-foot  draft  tow  boat  and 
15  barge  tow  in  '  ie  deep  water  condition.  Table  6  presents  the 
hydrodynamic  coefficients  for  the  same  model  configuration,  but 
in  shallow  water,  with  the  depth  equal  to  13.5  feet  (full- 
scale),  H/T  »  1.5.  Table  7  contains  the  hydrodynamic  coeffi¬ 
cients  for  the  same  configuration  in  shallow  water  where  the 
depth  was  10.5  feet  (full-scale),  H/T  **  1.17. 

One  of  the  objectives  of  this  study  was  to  develop  a 
maneuvering  mathematical  model  for  the  tow.  An  aspect  of  this 
effort  was  to  utilize  the  results  given  in  Tables  5  to  7  in 
order  to  develop  an  algorithm  that  would  modify  deep  water 
coefficients  to  obtain  shallow  water  coefficients. 
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Table  5 


Measured  Nondimens tonal  Hydrodynamic  Coefficients 
for  tho  15-Barge  Tow  In  Deep  Water  In  Combination 
With  a  Towboat  Operating  at  a  7.5  Foot  Draft 


Coefficient 


Ahead  u  >  0 
-30*  <  0  <  30* 


0.000022 

0.000207 


-0.00061 


n  <  0 


-0.00C2AA  0.0 

0.0  -0.000192 


-0.000397 

-0.0000365 

O.OOOA7 

-0.00028 


30°  <  6  <  150° 
210°  <  0  <  330° 


-0.00117 


-0.00505 


0.000155 
Set  n-0 
-0.000339 


-0.00189 


0.000006  0.000008 

0.000329  0.0 


0.000079 


Astern  u  <  0 

156°  <  e  <  210" 


•0.000022 


0.000175 


-0.000329 


0.00022  -0.00022  0.0 

00  I  0.0  0.0 

-0.000075  -0.00007 

NOTfc:  N  timer  feat  valued  lit.  ted  In  center  column  nrr  to  be  used  ns 
nultHl  Itute  values  tif  t  lie  coefficient!;  for  the  vuIucn  of  B 
In  l  be  i  enter  column  bonder.  Ciiolf  lilenm  that  are  not 
n  ho  i  r.  noil  vtiluri  In  the  renter  column  remain  unrhaiinod  throurli- 
nut  the  0  r  Htf.eu  I  luted  In  the  first  nml  third  eulumn  header. 
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Tnble  3 


(Continued) 


Coefficient 

Ahead 

-30*  < 

u  >  0 

6  <  30* 

30®  <  8  <  150® 
210®  <  <  330® 

Astern  u  <  0 

150  °  i  ®  <  210  ° 

• 

0,000036 

• 

-0.0000265 

-0,0000235 

-0.0000189 

• 

"r 

-0.000224 

0.000254 

**rlrl  " 

-0.000101 

-0.000137 

• 

\ 

-0.00015 

-0.0001 

-0.000669 

« 

N  .  | 

v|v| 

0.00054 

0.00029 

-0.00016 

n  >  0 

n  <  0 

n  <  0 

n  >  0 

• 

% 

-0.000067 

0.000098 

Set  n-0 

Set  n  -0 

"vn 

0.000151 

0.000151 

-0.000183 

-0.000183 

N  2' 

0.000058 

0.000087 

v  r 

KUSH 

n  <  0 

n  <  0 

n  >  0 

« 

% 

-0.000004 

-0.000004 

0.000004 

0.000004 

M6 

-0.000171 

0.0 

0.0 

0.000171 

N  «P' 

0.0 

-0  000117 

0.000117 

0.0 

Hd|v|' 

0.0 

0.0 

0.0 

0.0 

H 

-0.000257 

-0.000231  S 

r  1  v  | 

n  >  0 

n  <  0 

n  <  0 

n  >  0 

<R 

0.17 

mm 

0.17 

CR 

0.13 

B9 

o.oe 

fR 

0.158 

B 

-0.158 

<A 

0.0 

wm 

0.0 

-0.065 

-0.10 

0.18 

-0.155 

A 

1 

£ 

0.22 

-0.175 

0.175 

-0.22 

*A 

NOTE)  Numer  leal  values  listed  in  center  column  arc  to  be  used  at 
eubut Itutc  vnlucn  of  the  coefficients  for  the  value*  of  $ 

In  the  center  column  bender.  Coefficient;)  thot  arc  not 
assigned  values  In  the  center  column  remain  unchanged  through¬ 
out  the  6  ta«\j;e«  llatod  In  the  first  nnd  third  column  header. 
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Table  5 
(Concluded) 


c»c  r  f  ic t lint 


-0.00031 

-0.00015 

0.00046 

i  £o  £- 

-0.00040 

-0.00002 

0  £  n  £  1 

0.00042 

-0.00040 

0.00005 

-1  I  n  I  0 

-0.00035 

-0.000465 

0.00020 

-  •  £  n  £  -1 

' -0.000235 

0.185  x  107 

pounds 

0.1477  x  10‘* 

pounds  per  foot* 

1130. 

feet 

105 

feet 

9 

feet 

0.0 

feet 

-10.5 

feet 

10.5 

feet 

8.5 

feet 

4 

knots 

109.1 

ran 

0.000426 

0.00025 

-0.000676 


0.00045 

-0.00010 

-0.00035 


0.00045 

-0.00041 

0.00095 


0.00069 

o.oooie 

0.00132 


1  <  n  £  • 


0  £  „£  1 


•ti,  £  o 


•  £  n  £  *1 


-4 

knees 

-165.5 

tjm 
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Tablo  < 


Measured  Nondlmonsion.il  Hydrodynamic  Coefficients 

tor  the  15-nargo  Tow  in  Shall  Water,  H/T  ■  1.5, 

in  Combination  With  a  Towboat  operating  at  a  7.5  Foot  Draft 


Coefficient 


Ahead  u  >  0 
-30*  <  0  *  30* 


30°  <  0  <  150°  Astern  u  <  0 

210°  <  0  <  330°  150°  <  0  <  210° 


-0.000110 


0.00084 


-0.00392 


n  >  0 


0.000299 


0.00022  0.0 


-0.00189 


-0.000165 


-0.00031 


0.00013 


0.01476 


0.01892 


n  >  0 


-O.OOP.C  -0.00080 

Set  n  “0 

0.00175  0.00175 


-0.00412 


n  >  0 


-0.00000C3 

0.0 

-0.000234 


0.00050  -0.00050 


Numerical  valuer,  listed  In  center  column  arc  to  be  used  as 
substitute  values  of  the  coefficient*  fur  the  vulocs  of  6 
in  the  center  column  Insider.  Coefficients  that  are  not 
niiNir.ncd  values  In  the  center  column  remain  unchanged  through 
out  the  0  rnngeu  listed  in  the  first  and  third  column  header. 
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Table  6 


(Continued) 


Ahead 

u  >  0 

30®  <  8  <  150° 

Coe  f  f lcicnt 

-30*  < 

6  <  30' 

210®  <  <  330° 

• 

N. 

V 

0.000172 

« 

N. 

r 

-0.0000958 

• 

N 

r 

-0.000632 

Nil' 

-0.000332 

• 

N 

V 

-0.001751 

-0.00198 

N  |  |  ' 

v|v| 

0.002272 

0.00145 

n  0 

n  <  0 

Nrn’ 

Nvn’ 

-0.000255 

0.000555 

-0.000255 
Set  n-0 
0.000555 

N  2' 

v  r 

0.000113 

n  >  0 

n  <  0 

1 

N* 

-0.000004 

-0.000004 

n6 

-0.000169 

0.0 

•  0.0 

-0.000117 

H«|v| ‘ 

0.0 

0.0 

"rlvl' 

-0.00154 

n  <  0 

dR 

0.12 

0.190 

*R 

0.08 

0.181 

fR 

0.192 

-0.129 

*A 

0.0 

0.0 

% 

-0.0477 

-0.0725 

fA 

Hi 

-0.224 

Astern  u  <  0 
150°  <  8  <  210° 


-0.000130 

-0.0000817 

0.000748 

-0.000386 

-0.00413 

-0.001475 


n  <  0 
0 , 00039 

0.000795 


n  »  0 


0.00059 
Set  n-0 
-0.000795 


0.000159 


n  <  0 


n  >  0 


0.000004 

0.0 


0.000004 

0.000169 


0.000117 


0.0 


0.0 


-0 


n  <  0 
0.25 


0.0 


.00135 


n  >  0 

0.12 


NOTH:  Numerical  values  listed  In  center  column  nre  to  be  used  so 

substitute  values  of  the  coef  f  lc.  lent  u  for  the  valuss  of  8 
In  the  center  column  header.  Coefficients  that  art  not 
assigned  values  In  the  center  column  remain  unchanged  through¬ 
out  the  (1  ranges  listed  in  the  first  and  third  column  header* 
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Tsbls  6 


(Concluded) 


Coot C  lclant 


-0 . 000454 


-0.000297 

0.000751 


-0.00069S 

-0.000063 

0.000758 


-0.000695 

0.000060 

-0.000411 


-0.000854 
-0.0r  H095 
-0.0U0368 


1  1  n  I  - 


01  ni  1 


•lllio 


—  1  n  1  -1 


0.1866  x  10*  pounds 

0.1490  x  10’ *  pounds  per  foot* 


-10.5 


knots 


140.68 


0.000151 


0.000924 

-0.001075 


0.000722 

-0.000164 

-0.000558 


0.000722 

-0.000519 

0.001121 


0.000885 

0.000918 

0.002165 


-124.9 


llni- 


0  1  n  1  1 


-l  1  i  1  o 


-•  1  n  1  -1 


knots 
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Tablo  T 


Measured  Nondimensional  Hydrodynamic  Coefficients 

for  the  15-Barge  Tow  in  Shallow  Water,  H/T  »  1.17, 

in  Combination  With  a  Towboat  Operating  at  a  7.5  Foot  Draft 


Ahead 

u  >  0 

30°  '<  8  < 

ISO® 

Astern 

n  «  0 

Coefficient 

-30*  < 

0  <  30* 

210°  <  6  < 

330° 

90®  <  0 

<  170® 

* 

Xu 

-0.00022 

-0.00022 

Xvr’ 

0.00195 

0.0019 

Xvv' 

-0.0125 

-0.0164 

X-rr' 

0.0 

0.0 

n  >  0 

n  <  0 

n  <  0 

n  >  0 

*66 

X  ,X6F6F 

»»» 

-0.000403 

0.0 

0.0 

0.0 

-0.000314 

0.0 

-0.0 

0.000314 

0.0 

0.000403 

0.0 

0.0 

V 

-0.00409 

-0.00371 

1 

Tt 

-0.00075 

• 

-0.00081 

I 

Tr 

0.00157 

-0.00110 

Mr|‘ 

0.00054b 

0.000501 

• 

*v 

-0.02696 

-0.01169 

0.0594 

Yv|v| 

-0.0875 

-0.105 

0.0417 

n  >_  0 

n  <  0 

n  <  0 

n  >  0 

Tm’ 

0.00215 

0.00215 
Sot  n“0 

-0.00228 

-0.00228 

Set  n-0 

Tvn* 

-0.00554 

-0.00554 

0.00764 

0.00764 

T  f 

wn 

T  2 ' 

0.0 

0.0 

0.0 

0.0 

-0.01953 

-0.01787  j 

V  r  2 

n  >  0 

n  <  0 

loom 

n  >  0 

I 

0.000008 

0.000008 

HffiggJ 

-0.000008 

T« 

0.000375 

0.0 

0.0 

-0.000375 

Y6f’ 

0.0 

0.00025 

-0.00025 

0.0 

t«m' 

0.0 

0.0 

0.0 

0.0 

T  r |v|* 

-0.00124 

-0.00124 

-0.00099 

-0.00099 

NOTK;  Numcrirul  values  listed  in  center  column  arc  to  be  used  ns 
substitute  value::  of  the  coefficients  for  the  values  of  0 
In  the  center  column  header.  Coefficients  that  are  not 
assigned  values  In  the  center  column  remain  unchanged  through¬ 
out  the  0  ranges  listed  in  the  first  and  third  column  header. 


(Continued) 


■ 

Ahead  u  >  0 

30°  <  0  < 

150° 

Astern  u  <  0 

Coefficient 

• 

o 

n 

i 

<  e  <  3o« 

210°  <  < 

330° 

o 

0 

1  A 

0  <  270® 

• 

0.000574 

-0.000574 

• 

" i 

-0.000164 

-0.0001565 

• 

"r 

-0.00131 

0.001625 

"rid’ 

-0.000916 

-0.00125 

• 

-0.003581 

-0.00249 

-0.01429 

Mvi* 

0.01075 

0.00423 

-0.00608 

n  >  0 

n  <  0 

n  ^  0 

n  >  0 

-0.00098 

-0.00098 
Set  n=0 

0.00109 

0.00109  • 
Set  n”0 

Bvn’ 

0.00255 

0.00255 

-0.00343 

-0.00343 

*  V  r  *’ 

0.00072 

0.000845 

n  >_  0 

n  <  0 

n  <  0 

n  >  0 

* 

-0.000004 

-0.000004 

0.000004 

0.000004 

"a 

-0.000165 

0.0 

0.0 

0.000165 

0.0 

-0.000114 

0 . 000L14 

0.0 

n«m' 

0  0 

0.0 

0.0 

0.0 

Mvl’ 

0322 

-0.00253 

i^0 

n  <  0 

o 

vl 

O 

A 

c 

** 

0.08 

IB 

0.17 

0.08 

0.05 

0.077 

0.045 

** 

wm 

0.155 

-0.24 

<A 

0.0 

0.0 

0.0 

•a 

-0.06 

0.11 

-0.095 

‘a 

m 

-0.28 

0.28 

-0.34 

NOTE:  Numerical  values  listed  in  renter  column  arc  to  be  used  at 

•ubstitutc  values  of  the  coefficients  for  the  values  of  0 
in  the  center  column  header.  Coefficients  that  arc  not 
ssnlgncd  values  in  the  center  column  remain  unchanged  through¬ 
out  the  0  ranges  listed  In  the  first  and  third  column  header* 
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Table  7 

(Concluded) 


-0.001453 


0.000187 

0.0012(6 


-0.001122 

-0.000373 

0.001495 


0.001122 

0.000079 

-0.000599 


-0.001483 
-0.0002207 
-O'.  0005377 


1  <  n  <  • 


0  <  n  <  1 


-1  <  n  >  0 


-«•  <  n  >  -1 


-0.00011 


0.00176 

-0.00165 


0.00127 

-0.00022 

-0.00105 


0.00127 

*0.00099 

0.00154 


0.001892 

0.001988 

0.003896 


1  <  n  <  • 


0  <  n  <  l 


-1  <  n  <  0 


-«*  <  n  >  -1 


0.185  x  10’  pounda 
0.1477  x  10* 1  pounds  per  foot* 
1130.  feet 

105.  feet 

9.  feet 

0  feet 

-10.5  feet 


knots 


knots 


189.1 


•331.8 
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The  maneuvering  model  contains  a  set  of  coefficients  for 
third  order  polynomials  which  define  the  variation  of  each 
hydrodynamic  coefficient  with  water  depth  to  vessel  draft 
ratio.  These  polynomial  coefficients  are  derived  from  the  data 
for  tests  in  deep  and  shallow  water.  The  development  of  these 
coefficients  for  the  tow  is  described  below. 

It  was  concluded  in  Reference  5  that  shallow  water  correc¬ 
tions  for  ships  could  be  expressed  as  a  polynomial  in  ship  draft 
to  water  depth  ratio,  01 

R  -  A4  +  A3  o  +  A2o2  +  A j o3  [2] 

where  R  is  the  ratio  of  coefficient  values  in  shallow  to  deep 
water  and  where  unknown  coefficients  A4,  A3,  A2,  and  A 1  are 
determined  by  the  best  fit  to  deep  and  shallow  water  data. 

The  data  in  Tables  5  to  7  were  plotted  against  water 
depth/draft  ratio,  and  it  appeared  that  practically  all  shallow 
water  effects  became  negligible  for  values  of  H/T  2.7  -  2.9, 
which  is  approximately  the  same  range  of  depth  ratios  found  for 
the  tanker  forms  ’"n  Reference  6.  Therefore,  it  has  been  assumed 
that  for  all  water  depth/draft  ratios  larger  than  H/T  =  2.75 
(o  £  0.3636),  the  hydrodynamic  coefficients  will  be  the  same  as 
in  deep  water  (H/T  *  ») .  This  assumption  allows  the  expression 
of  shallow  water  correction  coefficients,  in  the  range  of 
H/T  **  1.17  to  2.75,  with  good  precision. 

To  make  the  curve  fit  more  accurate  and  precise,  a  special 
numerical  procedure  to  estimate  coefficients  A4,  A3,  A2,  and  A} 
has  been  developed.  These  four  unknown  coefficients  were 
determined  from  four  equations. 

At  water  depth/draft  ratio  H/T  -  2.75,  or  0  *  o0  ■  0.3636, 

the  Equation  [2]  should  be  equal  to  one,  and  its  derivative  at 

this  point  should  be  equal  to  zero,  resulting  in  two  Equations 
[2a]  and  [2b]: 
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Ai»  +  A3O0  +  A2®o^  +  A1O0 3  ■  1  [2a] 

A3  +  2A2<*o  *  3A!O02  ■  0  [2b] 

Two  additional  equations  were  obtained  to  satisfy  precisely 
the  values  of  the  shallow  water  correction  coefficients  at 
H/T  =  1.50  (0  =*  “  0.6667,  and  R  *  R | >  and  at  R/T  ■  1.17 

(o  »  02“  0.8547,  and  R  ■  R2)» 

Thus : 

A4  +  A3 Oj  +  A2  0 1 2  +  AjOj3  *  Rj  [2c] 

A4  +  A3O2  +  A2<*2^  +  Ai©2^  *  R2  [2d] 

By  solving  the  Equations  [2a],  [2b],  [2c],  and  [2d],  the 

unknown  coefficients  At,  A2f  A3  and  A4  were  determined  numer¬ 
ically: 

A 1  *  21  .786  R2  -  57.06  Rx  +  35.272 

A2  -  10.823  Rx  -  10.823  -  1.3805  Ax 

A3  *  -0.726  Az  -  0.396  At 

A4  ■  1  +  0.132  A2  +  0.096  Ax 

In  order  to  represent  adequately  the  variation  of  many 
coefficients  with  depth  without  changing  the  form  of  Equa¬ 
tions  [2a],  [2b],  [2c],  and  [2d]  and  requiring  additional 

coefficients,  some  coefficients  were  expressed  by  a  modified 
polynomial : 


R  -  (A4  +  A30  +  A2o2  +  A 1 o3) n 


[3] 
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Where  the  factor  n  was  chosen  as  the  best  fit  to  the  shal¬ 
low  water  data  at  H/T  ■  1.5  and  H/T  «  1.17.  Conditions  [2a]  and 
[2b]  at  H/T  =  2.75  were  already  satisfied  by  the  appropriate 
procedure  to  determine  Ai,  A 2,  A3  and  A 4  as  explained  earlier. 
A  large  number  of  sets  of  shallow  water  correction  coefficients 
(more  than  60)  is  required  to  model  all  coefficients. 

There  are  required  a  total  of  ten  sets  of  the  coefficients 
Ai<j),  A2(j),  A 3 ( j ) ,  A4 ( j ) ,  j  -  1  to  10: 


A 1  ( j )  -  DE(1,j) 

A2 ( j )  -  DE(2,j)  j  -  1  to  10 

A  3 ( j )  =  DE(3,j) 

A4(j)  *  DE ( 4  ,  j  ) 


As  an  example,  the  first  three  sets  of  values  for 
j  =  1,2,3),  have  the  following  values  for  the  7.5-foot  towboat 
draft: 


DE  (1,1)  *  -1.352 


DE  (2,1) 


5.232 


-  DE  (3,1)  -  -3.263 


DE  (4,1) 


1.561 


Tracor  Hydronautics 


Ax  *  DE 
A2  «  DE 
A3  =  DE 
A4  =  DE 

Aj  ■  DE 
A2  "  DE 
A3  *=  DE 
Ai,  ”  DE 
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3  ■  2 
(1,2)  - 
(2,2)  - 

(3.2)  - 

(4.2)  = 

j-"_3 

(1.3)  *= 

(2.3)  - 

(3.3)  - 

(4.3)  - 


13.40 

-16.33 

6.55 

0.13 

2.1757 

3.796 

-3.618 

1.710 


These  first  three  sets  of  shallow  water  correction  coeffi¬ 
cients  are  used  to  estimate  three  terms  associated  with  tow 
resistance  and  propulsion  as  follows: 


1 .  Propeller  RPM  to  Longitudinal  Speed  Ratio,  RPM/U  (j  »  1) 

tURPHC(K)13haUoM  water  *  * 

RPMC(K)de  water  x  {1.561  -  3.2630  +  5.232o2  -  1.35213)  [4 ] 


(o  ■  T/H,  draft/depth  ratio;  for  o  *»  oq  >.  0.3636, 
the  square  bracket  is  equal  to  one.) 

K  =  1  for  ahead  motion,  K  *  2  for  astern  motion 
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2 .  Resistance  Term  in  First  Quadrant  ( j  ■  2) 


(1  <  n  -  Jc/J  <  «),  J  -  0/nDp 


(AP (1,1)] ghallow  water  “  IAp( 1  # 1 )  ]  <jeep  water 
x  [0.13  +  6.55a  -  16.33a2  +  13.40a3] 


3.  Propeller  Thrust  Term  in  First  Quadrant  (j  »  3 


[eP(  1 , 1  )1  ghailow  water  “  ICP< 1 ' 1 » deep  water 


x  [1.710  -  3.618c  +  3 . 796  a2  +  2.1757a4] 


Tables  8  and  9  list  shallow  water  hydrodynamic  coefficients 
computed  by  application  of  the  above  correction  process  to  deep 
water  coefficients  from  Table  5.  Accuracy  of  fit  was  validated 
by  comparison  of  results  m  Tables  8  and  9  with  the  measured 
shallow  water  remits  summarized  in  Tables  6  and  7,  respec¬ 
tively.  A  detailed  comparison  of  results  in  these  tables 
indicates  that  agreement  is  good  to  excellent  for  all  coeffi¬ 
cients  and  operating  condition'-.  The  best  agreement  is  obtained 
for  ahead  motion  although  agreeement  for  astern  motion  is  also 
quite  good.  Agreement  at  the  two  shallow  water  depths  (H/T  * 
1.5  and  1.17)  is  comparable.  It  should  also  be  noted  that  many 
forces  (propulsion  force,  sway  force  due  to  sway  velocity,  etc.) 
consist  of  two  or  more  components,  each  defined  by  a  separate 
coefficient,  and  that  a  lack  of  agreement  in  one  of  these 
coefficients  may  have  little  effect  on  accuracy  of  the  total 
force.  Although  accurate  for  the  conditions  covered  by  the 
tests,  these  corrections  should  not  be  extrapolated  to  shallow 
water  conditions  less  than  H/T  ■  1.17. 
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Table  8 


Estimated  Nondimens  tonal  Hydrodynamic  Coefficients 

for  the  15-Barge  Tow  in  Shallow  Water*  H/T  *  1.9* 

iri  Combination  With  a  Towboat  Operating  at  a  7.5  Foot  Draft 


Coefficient 


Y  2 
v  r 


Ahead  u  >  0 
-30*  <  0  <  30' 


n  j>  0  |  n  <  0 


-0.000278 

0.0 


pi 


-0.00191 

-0.000199 

0.000636 


rjr| 

• 

V 

v|v| 

0.000137 

-0.00702 

-0.0359 

l 

3 

1  v 

o 

n  <  0 

• 

rn 

0.000550 

0.000550 
Sec  n-0 

• 

vn 

-0.001294 

-0.001294 

• 

w  n 

0.0 

0.0 

-0.00585 


n  >  0 


n  <  0 


0.000008521  0.0000065 


0.00350  0.0 


0.000233 

0.0 


-0.00055 


30°  <  8  <  150° 
210°  <  8  <  330° 


-0.00324 

-0.0360 


Astern  u  <  0 
150°  <*  «  210° 


0.000105 

0.000808 

0.00375 

0.0 


n  > 


.000278 


0. 

0.000218  0.0 

0.0  0.0 


0.00160 
-0.000158 
-0.000311 
0.000132 
0.01594 
0.01853 


-0.000793 
0.00469  0.00 

0.0  0.0 


-0.00410 


0.0 

-0.000233 

0.0 


-0.00052  -0.00052 


Numerlrnl  values  listed  Jn  fenter  column  are  to  he  used  as 
substitute  values  of  the  ceef I tc teats  for  the  values  of  8 
In  the  renter  column  bender.  Coefficients  that  are  net 
nun S i-. "ed  values  in  the  center  column  remain  unchanged  through 
out  the  8  ranges  listed  in  the  first  and  third  column  header. 
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Table  8 


(Continued) 


Coefficient 

Ahoad  u  >  0 

-30*  <  0  <  30« 

30°  <  p  <  130® 
310°  <  <  330° 

Astern  n  <  0 

150°  <  8  <  2 id0 

« 

»v 

0.000176 

•0.000136 

t 

»* 

-0.0000932 

-0.0000751 

1 

"r 

-0.000625 

0.000709 

"rlrl’ 

-0.000321 

-0.000425 

* 

"v 

-0.00175 

-0.001165 

-0.00419 

* 

< 

< 

0.002279 

0.001447 

-0.001447 

n  >  0 

o 

V 

c 

nlO 

n  >  0 

Hrn* 

-0.000238 

-0.000238 

0.000374 

0.000374 

Sat  n-0 

Set  n*0 

% 

0.000576 

0.000576 

-0.000744 

0.000744 

M  2* 

v  r 

0.000102 

0.000153 

O 

A  | 

c 

n  <  0 

n  «  0 

n  >  0 

0 

-0.000004 

-0.000004 

• 

0.000004 

0.000004 

N« 

-0.000174 

0.0 

0.0 

0.000174 

V 

0.0 

-0.000116 

0.000116 

0.0 

0.0 

0.0 

0.0 

0.0 

"r|v|’ 

-0.00155 

-0.00139 

O 

A ! 

C 

n  <  0 

ni  0 

n  >  0 

dR 

0.116 

0.171 

0.171 

0.12 

e* 

0.08 

0.170 

0.09 

0.06 

0.193 

-0.126 

* 

0.126 

-0.193 

*4 

0.0 

mm 

0.0 

•a 

-0.0456 

-0.1088 

*A 

0.271 

■ 

m 

0.215 

NOTE:  Numerical  value*  Hated  In  center  column  arc  to  be  used  aa 

substitute  values  of  the  cocff lclentn  for  the  values  of  0 
In  the  center  column  header.  Coefficient:!  that  arc  not 
assigned  values  in  the  center  column  remain  unchanged  through- 
out  the  8  ranees  listed  In  the  first  und  thin)  column  hender. 
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Table  8 
(Concluded) 


-0.000452 

-0.000296 

0.000748 

1  l  n  <  • 

-0.000651 

-0.0001193 

0.0007704 

0  1  n  <  1 

-0.000651 

0.000062 

-0.000399 

-1  l  n  <0 

-0.000853 

-0.000027 

-0.000341 

<  n  <  *1 

0.185  x  10* 

pounds 

0.1477  x  101* 

pounds  pet  foot* 

1130. 

feet 

105. 

feet 

9- 

feet  i 

0.0 

feet 

-10.5 

feet 

10.5 

feet 

8.5 

feet 

4 

knots 

140.68 

rpa 

0.000143 

0.000921 

-0.001064 


0.000732 

•0.000156 

-0.000576 


0.000732 

-0.000510 

0.000891 


•2 

-124.9 


1  <  n  - 


o  s  n  5  1 


-1  <  n  <0 


0.000895 

0.000901  —  <  n  1-1 

0.002266 


knots 

*pm 
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Table  9 


Estimated  Nondimensional  Hydrodynamic  Coefficients 
for  the  IS-Bargo  Tow  in  Shallow  Water,  H/T  ■  1.17, 
in  Combination  With  a  Towboat  Operating  at  a  7.5  Foot  Draft 


Coefficient 


Ahead  u  >  0 

m 

-30*  <  0  «  30* 


30°  <  0  <  150° 
210°  <  0  <  330° 


Astern  u  <  0 
9°°  <  0  <  270® 


n  >  0 


-0.000224 

0.C019S 

-0.0124 

0.0 

n  <  0 


.  *4F4F  u.u 
"v*  0.0 


Tv  r  2’ 


-0.000403  0.0 

0.0  |  -0.00031 

°-°  j  o.o 

-0.00412 

-0.00073 

0.001618 


Mr| 

• 

*T 

T»kl' 

0.000537 

-0.0269 

-0.08485 

« 

n  >  0 

n  <  0 

Trn 

0.00215 

0.00215 

9 

Set  n*0 

Tvn 

-0.00547 

-0.00547 

Y  • 

wvri 

0.0 

0.0 

-0.01974 


n  >  0 

n  <  0 

9 

** 

.  • 

0.0000091 

0.11000091 

r4 

0.000375 

0.0 

V 

0.0 

0.0002509 

r«M* 

'  0.0 

0.0 

r  *■  1  v  1 

-0.00124 

-0.00124 

-6.0117 

-0.1051 


-0.00Q224 

0.00185 

-0.0144 

0.0 


n  >  0 


-0.0  -0.000403 

0.000317  0.0 

0.0  0.0 


0.00386 

0.00065 

0.001181 

0.0005181 

0.05698 

0.0294 


n  <  0  |  n  >  0 


0.0 


-0.01716 


n  <  0  n  >  0 


-0.00112  -0.00112 


Numerical  values  listed  In  center  column  arc  to  be  used  as 
substitute  valuer,  of  the  coefficients  for  the  values  of  8 
In  the  center  column  header.  Coefficient!:  that  arc  not 

£utl£TId«ValU*’M  1'.‘. tl,C  ecntcr  column  remain  unch.mr.fd  throuCh 
out  the  0  ranges  listed  In  the  first  end  third  column  header. 
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Tab  lo  9 


(Continued) 


Coefficient 

Ahead  u  >  0 

-30*  <  8  <  30' 

30°  <  6  <  150® 
210°  <  <  330° 

Astern  u  <  0 

90*  <  0  <  270* 

em  ‘  am 

1 

"9 

0.000561 

-0.000443 

• 

-0.0001659 

-0. 

0001434 

• 

"r 

-0.00136 

0. 

00155 

• 

N  |  . 
r|r| 

-0.000919 

-0.00*25 

« 

11 

▼ 

-0.00357 

-0.00239 

-0.01442 

Hv|v| ' 

0.010667 

0.004232 

-0.006295 

n  >_  0 

n  <  0 

O  <  0 

n  >  0 

\n 

-0.00093 

-0.00093 

0.00103 

0.00103 

« 

Set  n-0 

Set  n-0 

"vn 

0.00244 

0.00244 

-0.00337 

-0.00337 

■  V  r  *' 

0.0< 

1065 

• 

0.00088S 

n  ]>  0 

n  <  0 

IBEBl 

• 

-0.000004 

-0.000004 

0.000004 

0.000004 

Hd 

-0.000171 

0.0 

0.0 

0.000171 

N  6F  * 

0.0 

-0.000117 

0.000117 

0.0 

N«ivr 

0.0 

0.0 

0.0 

0.0 

Hr|v|' 

-0*00328 

-0.C 

10295 

a  >_  0 

n  <  0 

■1 

n  ^  0 

n  >  0 

dl 

0.0839 

0.125 

0.172 

0.0839 

•* 

0.048 

0.117 

0.085 

0.042 

-0.155 

0.155 

-0.24 

<A 

0.0 

1 

0.0 

0.0 

•a 

■0.033 

B 

0.097 

-0.085 

«A 

fl 

0.269 

-0.338 

NOTE: .  Numerical  values  listed  In  center  column  are' to  bo  uood  os 
substitute  values  of  the  ceef Helenes  for  the  voluao  of  I 
In  the  center  column  header.  Coefficients  that  sre  not 
•  snlr.ned  values  In  the  center  column  remain  unchanged  through¬ 
out  the  0  ranges  listed  In  che  first  and  third  column  header. 
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Table  9 

(Concluded) 


Coefficient 


-0.001454 

0.000189 

0.001265 


-0.00110 

-0.000379 

0.001479 


-0.00110 

0.0000788 

-0.000601 


1  <  <  • 


0  <  n  <  1 


-1  <  n  <  0 


-0.001487 

-o.ooo->  '♦ 

-•  <  n  <  -1 

-0*.  000596 

0.1866  x  107 

pounds 

0.1490  x  10“ 

pounds  per  foot* 

1130. 

feet 

105. 

feet 

9. 

feet 

0 

feet 

-10.5 

feet 

10.5 

feet 

8.5 

feet 

3 

knots 

144.0 

rotn 

-0.000036 

0.001759 

-0.001723 


0.001237 

-0.000219 

-0.00102 


0.001237 

-6.000997 

0.001273 


0.00191 

0.002063 

0.003657 


-2 

>168.6 


1  <  n  <  “ 


0  <  n  <  1 


■1  <  n  <  0 


-•  <  n  <  -1 


knot* 

rpra 
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Table  10  presents  the  hydrodynamic  coefficients  for  the 
nine-foot  draft  tow  boat  and  fifteen  barge  tow  in  the  deep  water 
condition.  Table  11  offers  the  hydrodynamic  coefficients  for 
this  same  model  configuration  except  in  shallow  water  where  the 
depth  is  13.5  feet  (full  scale),  H/T  =  1.17.  For  the  nine- foot 
draft  case,  the  shallow-water-depth-corrections  were  estimated 
using  a  modified  procedure  due  to  availability  of  data  at  only 
one  finite  water  depth.  As  a  result,  coefficients  based  on  the 
test  data  and  based  on  the  shallow-water-correction  coefficients 
are  identical  at  H/T  =  1.17. 

For  the  captive-model  bank  tests,  only  steady-state  condi¬ 
tions  were  measured  during  the  run.  As  a  result,  they  were 
treated  as  a  special  case  of  PMM  tests,  and  standard  data 
analysis  was  performed.  These  data  are  contained  in 
Appendix  D.  Data  from  captive  model  wing  dam  tests  were 
expected  to  contain  a  series  of  transient  forces  generated  by 
passage  of  the  tow  past  the  wing  dam  ends.  To  capture  this 
effect,  a  digitized  time  history  was  made  of  model  position, 
speed,  and  forces  acting  upon  the  model  during  each  run.  A 
preliminary  analysis  of  the  data  showed  that  any  transients  due 
to  wing  dams  were  very  small.  The  data  were  examined  for  energy 
as  a  function  of  frequency.  A  spectral  analysis  was  performed 
using  an  autocorrelation  routine  developed  for  seakeeping 
studies  at  the  HSMB . 

The  test  data  have  been  used  to  determine  the  change  in 
lateral  force  and  yawing  moment  from  the  wing  dam,  and  to 
characterize  the  unsteady  or  time-varying  forces  acting  on  the 
tow  during  its  passage  by  the  set  of  six  wing  dams. 
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Tablo  10 


Measured  Nondimenslonal  Hydrodynamic  Coefficient* 
for  the  15-Barge  Tow  in  Deep  Water  in  Combination 
With  a  Towboat  Operating  at  a  9.0  Foot  Draft 


Coefficient 


Ahead  u  >  0 

-30*  <  6  <  30« 


30°  <  0  <  150° 
210°  <  0  <  330° 


Astern  u  <  0 
150  i  1  210° 


-0.000025 


•0.000025 


0.000275 


0.00025 


-0.00095 


-0.00087 


-0.000403 


0.0 


n  <  0  n  >  0 


0.0  0.000244 

0.000192  0.0 

0.0  0.0 


-0.000381 


-0.C0C0383 


-0.0000315 


0.00047 


-0.00009 


-0.00028 


-0.00027 


-0.00117 


-0.00051 


0  .C0247P 


-0.00505 


-0  0072 


0.00175 


n  >  0 


0.001'  0.000155 

Set  n  -0 
-0.000339  -0.00033° 


n  £  0  n  >  0 


-0.000208  -0.000208 
Set  n  -0 
0.000415  0.000415 


T  2* 
v  r 


-0.00189 


n  <  0 


0.000008  I  0.000008 


-0.00196 


n  >  0 


-o.oooooe  !  -0.000008 


0.000329  0.0 

0.0  0.00022 


0.0  |  -0.000329 

-0.00022  0.0 


-0.000075 


-0.000071  -0.000071 


Numerical  values  tinted  In  eenter  eolurnn  nre  to  he  used  as 
substitute  values  of  the  cool f j c Ionia  for  the  values  of  0 
Jn  the  renter  column  header.  Coefficient!!  that  are  not 
auali'.ned  valueu  In  the  tenter  column  remain  unr handed  through 
out  the  0  ranges  llutud  in  the  first  and  third  column  header. 
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Table  10 


(Continued) 


I 


Ahead 

e 

1  V 

o 

30°  <  6  <  150° 

Astern 

u  <  0 

Coef  f lclent 

-30*  < 

e  <  30* 

210°  <  <  330° 

150°  <  6 

1  A 

ro 

c 

o 

• 

0.000038 

-0.0000320 

• 

N. 

r 

-0.0000249 

-0.0000203 

• 

N 

r 

-0.000224 

0.000254 

* 

H  .  • 
r  1  r  | 

-0.000101 

-0.000137 

1 

N 

V 

-0.000163 

-0.0010 

-0.000655 

H  .  |  * 

v|  v| 

0.000445 

0.00027 

-0.000110 

n  >  0 

n  <  0 

n  <  0 

n  >  0 

t 

N 

rn 

-0.000067 

-0.000067 

0.000096 

0.000096 

Set  n-0 

Set  n-0 

Nvn 

0.000151 

_ 

0.000151 

-0.000183 

-0.000183 

_ _ 

N  2  ’ 

v  r 

0.000055 

0.000079 

n  i0 

r.  <  0 

9 

1  A 
O 

n  >  0 

• 

-0.000004 

-0.000004 

0.000004 

0.000004 

"d 

-0.000171 

0.0 

0.0 

0.000171 

n«f* 

0.0 

-0.000117 

0.000117 

0.0 

-4M* 

0.0 

0.0 

0.0 

0.0 

*r|v|  ’ 

-0.000257 

-0.000231 

n  >  0 

n  <  0 

n  £  0 

n  >  0 

dR 

0.26 

0.33 

0.17 

*R 

0.27 

0.145 

0.08 

fR 

-0.094 

0.094 

-0.158 

dA 

0.0 

0.0 

0.0. 

0.0 

•a 

-0.065 

-0.10 

0.18 

-0.155 

«A 

0.22 

-0.175 

0.175 

-0.22 

NOTKs  Numerical  value*  listed  In  center  column  ore  to  t>«  used  *e 
aubnt  lliitr  values  of  the  coef  f  i  r.  luntn  (or  l lie  values  of  4 
In  the  renter  column  bender.  Cvuft lc lout n  that  nro  net 
sni.lr.nrd  values  In  the  center  column  remain  unehanpad  thrtwijk* 
out  tbc  0  mncci  1  luted  In  the  firm  and  third  column  header* 
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Table  10 
(Concluded) 


C.>c  f  f  lc  lent 


-0.00032 

-0.00018 

0.00030 

1 

1  i  n  * 

-0.00040 

-0.00006 

0.00056  . 

0  <  n  £1 

-a. 00040 

-0.00005 

-0.00045 

-1  i  n  i  0 

-0.00053 

0.'  ;002 

‘ -0.00025 

-  *  in  i-1 

0.1866  x  107 

pounds 

0.1490  x  101* 

pounds  per  foot* 

1130. 

feet 

105. 

feet 

9. 

feet 

0 

feet 

-10.5 

feet 

10.5 

feet 

8.5 

feet 

*  4 

knots 

113.8 

rpm 

u  <  0 

0.00057 

0.00020 

-0.00077 

11  n  i  - 

0.00047 

-0.00010 

-0.00037 

0  £  n  il 

0.00047 

-0.00041 

0.00126 

-1 1  ni  0 

0.00073 

0.00015 

0.00156 

- “  in  i-1 

-4 

•ie7.6 


knots 

rpm 
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L-_- 

w 

Table  11 

\ 

Measured  Nond imens iona 1  Hydrodynamic  Coefficients 
for  the  15-Harge  Tow  in  Shallow  Viator.  Il/T  »  1.17 

r-‘ 

in  Combination  With 

a  Towboat  Operating  at  a  9.0  Toot  Draft 

-  -  -  -  - 

Coaf f lc lent 


Tv|v| 


\  r  2 


T«|v|' 


Ahead  u  >  0 
-30*  <  8  <  30* 


-0.000255 

0.00259 

-0.01927 

0.0 


n  >  0 


n  <  0 


0.0 

-0.000314 


-0.004189 

-0.000753 

0.001618 

0.000537 

-0.0269 

-0.08485 


n  >  0 


n  <  0 


0.00215  0.00215 

Set  n-0 

-0.00554  -0.00554 


0.0000091 

0.0000091 

0.000375 

0.0 

0.0 

0.0002509 

0.0 

0.0 

-0.00118 

-0.00118 

30®  <  0  <  150° 
210°  <  0  <  330° 


-0.0117 

-0.1051 


Aeteta  u  <  0 
90°  <  0  <  270° 


•0.000254 

0.00236 

-0.01764 

0.0 


n  <  0 

0.0 


n  >  0 

0.000403 


-0.000314  0.0 

-0.00396 
-0.00062 
-0.001181 
0.0005181 
0.05698 
0.0294 


n  <  0 _ 

-0.00228  0.00228 
Set  n-0 

0.00764  0.00764 


0.0 


-0.01716 


n  >  0 


-0.0000091 

0.0 

-0.0002509 

0.0 


0.00111  -0.00111 


NOTE:  Numerical  values  Hated  in  center  column  are  to  be  uned  aa 
substitute  valuer.  o(  the  coefficients  for  the  values  of  0 
In  tlie  center  column  header.  Coefficients  that  are  not 
assigned  voIuch  in  the  center  column  remain  unchanged  through¬ 
out  the  0  r an r. on  listed  in  the  first  and  third  column  header. 
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Table  11 
(Continued 


Cost f lclent 

Ahead  u  >  0 

-30*  <  0  <  30* 

30°  <  0  <  150° 
210°  <  <  330° 

m  ms 

Astern  a  <  0 

90°  <  0  <  270° 

• 

»♦ 

0.00039 

-0.000497 

• 

"i 

-0.000176 

-0.000144 

1 

"r 

-0.00136 

0.00154 

t 

If  |  . 

-0.000919 

-0.00125 

r|r| 

• 

*v 

-0.00389 

-0.00239 

-0.01093 

• 

H  ,  , 

0.00649 

0.00394 

0.00224 

v|v| 

* 

* 

n  >  0 

n  <  0 

n  <  0 

n  >  0 

• 

"rn 

-0.00093 

-0.00093 

0.00103 

0.00103 

Set  n-0 

Set  n-o 

"vT| 

0.00244 

0.00244 

-0.00337 

-0.00337 

"vr  *' 

o.oc 

1036 

* 

0.0 

0080 

n  >  0 

n  <  0 

n  <  0 

lElldH 

• 

"* 

-0.000004 

-o.oooooi 

0.000004 

0.000004 

-0.000174 

0.0 

0.0 

0.000171 

"V 

0.0 

-0,000114 

0.000114 

0.0 

0.0 

0.0 

0.0 

0.0 

*rM’ 

-0.00 

328 

-0.0 

n  <  0 

t  <  0 

n  >  0 

0.103 

0.172 

0.0839 

*» 

■ 

0.117 

0.065 

0.042 

£h 

uM 

-0.135 

0.155 

-0.24 

*A 

0.0 

0.0 

0  0 

0.0 

•a 

-0.034 

-0.0523 

0.0951 

-0.082 

«A 

0.338 

-0.269 

0.269 

-0.338 

NOTE*.  Numerical  value*  Hated  In  center  column  are' to  be  used  as 
substitute  values  of  the  coefficients  for  the  values  of  0 
In  the  center  column  header.  Coefficients  that  are  not 
assigned  values  in  the  center  column  remain  unchanged  through* 
out  the  0  range*  listed  In  the  first  and  third  column  header. 
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Teble  XI 


Coeff tclcnC 


-0.00144 

0.000279 

1  <  n  <  ■ 

0.001164 

-0.000926 

-0.000169 

0  <  n  <  1 

0.001095 

-0.000926 

-0.0000749 

-0.000715 

-1  <  n  <  o 

-0.001227 

-0.000178 

-•  <  n  <  -1 

-0.000517 

0.1866  x  10T 

pounds 

0.1490  x  10“ 

pounds  psr  foot* 

1130. 

fest 

105. 

feet 

9 

fest 

0 

feet 

-10.5 

feet 

10.5 

feet 

8.5 

feet 

3 

knots 

150 

rpn 

-0.0000025 

0.001407 

-0.001405 


0.001088 

-0.0002189 

-0.000869. 


0.001088 

-0.000997 

0.000786 


0.001429 

0.001719 

0.003161 


1  <  n  <  • 


0  <  n  i  1 


-1  <  n  <  0 


-•  <  n  <  -1 


-3 

knots 

-248.2 

rpsi 
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Table  12  presents  lateral  force  and  yawing  moment  coeffi¬ 
cients  derived  from  tests  at  water  depth/draft  ratios  of  1.17 
and  1.5.  This  table  includes  coefficients  for  tow-to-end-of- 
wing-dam  clearances  of  0.5  and  1.0  tow  beams,  and  coefficients 
for  tests  with  no  wing  dams,  which  correspond  approximately  to 
an  infinite  tow-to-wing-dam  spacing. 

Table  13  presents  results  of  autocorrelation  analysis  of 
the  time  histories  of  forces  acting  on  the  tow  during  operation 
past  the  wing  dams.  Also,  Table  13  presents  mean  and  root  mean 
square  (rms)  values  for  nondimensional  axial  force,  lateral 
force,  and  yawing  moment. 

From  the  values  in  Table  13,  the  variation  of  mean  and  rms 
forces  with  clearance  from  the  ends  of  the  wing  dams  at  varying 
water  depths  and  drift  angles  can  be  determined.  Variations 
with  drift  angle  can  only  be  determined  with  reasonable  accuracy 
for  a  water  depth  to  draft  ratio  of  1.17  and  tow-to-wing-dam 
clearances  of  0.5  and  1.0  beams.  The  values  of  hydrodynamic 
coefficients,  Yv'  and  Nv’,  determined  from  the  mean  values 
in  Table  13,  are  in  good  agreement  with  the  values  given  in 
Table  12. 

Data  derived  from  ty>e  tests  with  one  45-degree  sloping 
bank,  and  water  depths  where  H/T  equal  to  1.50  and  1.17,  are 
presented  in  Appendix  D.  These  data  have  been  analyzed  to 
determine  the  variation  of  steady  sway  force  and  yaw  moment  with 
distance  from  banks. 

Figures  9  and  10  present  the  variation  of  nondimensional 
lateral  sway  force  and  yawing  moment  with  the  bank  distance 
parameter  B  (defined  and  used  as  n  in  Reference  4).  This 
parameter  §  is  defined  for  these  tests  by 
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Table  12 


Lateral  Force  and  Yawing  Moment  Coe£ficents  Derived 
From  Tests  Past  Wing  Dams  in  Two  Different  Values  of 

Water  Depth/Draft 


Water  Depth/ 
Draft  Ratio 

Spacing/ 

Beam  Ratio 

Y  ' 

XV 

Nv* 

/ 

1.17 

0.5 

-0.023 

-0.0034 

1.0 

-0.025 

-0.0033 

m 

-0.027 

-0.0036 

1.50 

in 

• 

o 

-0.0091 

-0.0024 

1.0 

-0.0100 

-0.0014 

-0.0079 


-0.0018 
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*  Table  13 

Axial  Force,  Lateral  Force  and  Yawing  Moment  Coefficient  Derived  by 
Autocorrelation  Analyses  of  Time  Histories  of  Forces  and  Moments 
Acting  on  the  Operation  of  the  Tow  Past  Wing  Dams 


Water 

Depth 

Clearance 
to  Dam 

Drift 
Angle,  6 

X*  x 

10  * 

Y'  x 

10  * 

M‘  X 

10* 

mean 

rms 

mean 

rms 

mean 

D 

1.17T 

0.287B 

0 

-0.20 

5.15 

0.46 

3.03 

0.20 

0.36 

1.17T 

1.0B 

0 

-0.14 

4.51 

0.52 

2.91 

0.08 

0.30 

2 

-0.27 

5.89 

1.04 

3.26 

0.17 

0.36 

4 

-0.46 

5.38 

2.33 

3.01 

0.35 

0.42 

8 

-0.51 

6.38 

4.47 

4.40 

0.62 

0.63 

1.17T 

l  .Ob 

-8 

-0.B1 

4.70 

-3.88 

3.24 

-0.45 

0.43 

-4 

-0.25 

5.57 

-1.32 

2.96 

-0.16 

0.33 

-2 

-0.30 

5.59 

-0.40 

2.86 

-0.01 

0.30 

0.5B 

-4 

-0.37 

5.38 

-0.96 

3.10 

-0.06 

0.38 

-2 

-0.08 

6.0d 

-0.20 

3.03 

0.10 

0.46 

0 

-0.04 

6.38 

0.64 

3.22 

0.17 

0.45 

2 

-0.56 

4.72 

1.45 

3.30 

0.28 

0.40 

4 

-0.62 

5.07 

2.24 

3.07 

0.41 

0.35 

1.375B 

0 

-0.20 

4.47 

0.41 

3.08 

0.20 

0.42 

l.ST 

0.287B 

0 

-0.18 

2.7  V 

-0.03 

2.19 

0.05 

0.21 

-4 

-0.48 

3.08 

-0.48 

2.40 

-0.14 

0.21 

0 

-0.37 

3.23 

0.03 

2.30 

0.07 

0.24 

II 

4 

-0.51 

3.10 

0.79 

2.17 

0.19 

0.22 

l  .Ob 

-4 

-0.47 

3.01 

-0.52 

2.12 

-0.13 

0.19 

0 

-0.20 

2.80 

-0.07 

2.08 

0.04 

0.18 

4 

-0.53 

3.25 

0.95 

2.06 

0.12 

0.25 

NON-DIMENSIONAL  COEFFICIENTS 
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BANK  DISTANCE  PARAMETER  -  3  =  §  +  g 

P  * 


FIGURE  9  -  VARIATION  OF  LATERAL  FORCE  AND  YAWING  MOMENT 
COEFFICIENTS  WITH  DISTANCE  FROM  BANKS  FOR 
WATER  DEPTH/UKAFT  RATIO  OF  1.17 


NON-DIMENSIONAL  COEFFICIENTS 
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FICURE  10-  VARIATION  OF  LATERAL  FORCE  AND  YAWING  MOMENT 
COEFFICIENTS  WITH  DISTANCE  FROM  BANKS  FOR 
WATER  DEPTH/DRAFT  RATIO  OF  1.5 
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where  B  is  tow  beam  (105-foot  for  the  prototype) , 

T  is  tow  draft  (9-foot  for  the  prototype), 

H  is  water  depth, 

y  is  distance  from  tow  to  bank  at  water  surface, 


and  the  subscripts  p  and  s  denote  port  and  starboard, 
respectively. 


In  all  tests,  the  starboard  bank  was  the  starboard  tank 
wall  and  the  port  bank  was  the  45-degree  bank  placed  on  the  tank 
bottom.  Values  of  sway  force  and  yawing  moment  for  a  zero  value 
of  B  were  obtained  from  tests  in  shallow  water  with  no  bank, 
where  the  model  was  equidistant  from  the  tank  walls,  and  hence 


No  bank  effects  were  measured  in  the  deep  water  tests. 
Bank  effects  were  measured  only  for  the  original  test  configura¬ 
tion,  with  7. 5- foot  towboat  draft.  As  the  towboat  beam  is  much 
smaller  than  the  beam  of  the  tow  (38  feet  versus  105  feet),  any 
bank  influence  should  depend  almost  entirely  on  barge  geometry, 
and  hence  the  increase  in  towboat  draft  should  have  little  or  no 


effect  on  the  results. 


Because  the  bank  was  continuous  and  the  model  moved  paral¬ 
lel  to  the  bank,  no  unsteady  forces  due  to  the  banks  were  ex¬ 
pected  and  no  unsteady  forces  were  recorded. 

The  variation  of  the  sway  hydrodynamic  coefficients,  Yv' 
and  Nv',  with  bank  spacing  parameter,  §,  are  plotted  for 
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depth  draft  ratios  of  1.17  and  1.50  in  Figures  11  and  12, 
respectively.  These  figures  show  that  there  is  an  essentially 
linear  variation  of  Yv'  and  Nv'  with  B.  The  rates  of  change 
of  Yv *  and  Nv'  with  respect  to  B  are  given  in  Table  14. 

PMM  tests  conducted  over  a  wavy  bottom  were  not  expected  to 
show  a  significant  variation  of  forces  with  model  position 
relative  to  wave  crests  and  troughs.  The  primary  data  acquisi¬ 
tion  and  analysis  arrangements  were  thus  the  same  as  for 
ordinary  PMM  tests.  Force  time  histories  were  recorded, 
however,  and  several  runs  analyzed  by  spectral  analysis  to  test 
the  above-mentioned  hypothesis.  The  results  of  these  tests  are 
given  in  Appendix  D.  The  test  data  were  averaged  and  the 
resulting  values  were  nondimensionalized  by  tow  length  and 
speed.  The  resulting  force  coefficients  were  used  to  determine 
lateral  force,  axial  force,  and  yawing  moment  coefficients.  In 
addition,  spectral  analyses  of  test  data  from  several  runs  were 
carried  out  to  determine  mean  and  rms  values. 

Hydrodynamic  coefficients  determined  from  time  averages  of 
data  for  ahead  and  astern  motion  tests  over  the  wavy  bottom  are 
given  in  Table  1r'.  These  include  coefficients  for  static  drift 
angle  tests,  main  and  flanking  rudder  angle  tests  and  propulsion 
or  n-variation  tests.  The  self-propulsion  advance  coefficients, 
Jc,  were  determined  from  the  propulsion  tests;  all  other  tests 
over  the  wavy  bottom  were  carried  out  for  these  values  of  Jc. 

The  coefficients  Yv',  Y|v|',  Nv|vj',  Y^',  and  N6r'» 
determined  from  the  static  drift  angle  and  rudder  deflection 
tests  over  the  wavy  bottom,  are  compared  with  the  values  of 
these  coefficients  determined  from  tests  with  a  flat  bottom  (the 
bottom  of  the  HSMB)  in  Figures  13  to  16.  The  data  were  plotted 
on  log-log  scale  to  reflect  the  fact  that  these  coefficients 
generally  vary  as  a  power  of  the  depth/draft  ratio.  In  these 


NON-DIMENSIONAL  COEFFICIENTS 


Tracor  Hydronautics 


X  0.8 


-60- 


NOTE:  DATA  ARE  GRAPHED  IN  FIRST 

QUADRANT,  BUT  WERE  ACQUIRED 
AT  NEGATIVE  n 


=  0.0037 


— — ■  0.0070 
dB 


BANK  SPACING  PARAMETER  -  B 


FIGURE  11-  VARIATION  OF  Yy*  AND  Ny'  COEFFICIENTS 

WITH  DISTANCE  FROM  BANKS  FOR  WATER 
DEPTH/DRAFT  RATIO  OF  1.17 
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NOTE:  DATA  ARE  GRAPHED  IN  FIRST 

QUADRANT,  BUT  WERE  ACQUIRED 
AT  NEGATIVE  n 


BANK  DISTANCE  PARAMETER  -  B 


FIGURE  12-  VARIATION  OF  Yy'  AND  N  '  COEFFICIENTS 

WITH  DISTANCE  FROM  BANKS  FOR  WATER 
DEPTH/DRAFT  RATIO  OF  1.50 
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Table  Ik 

Rates  of  Change  of  Hydrodynamic  Coefficients 
With  Distance  From  Banks 


Water  Depth- 

v  • 

*v 

3  Yv ' 

Nv* 

3Nv  * 

Draft  Ratio 

3B 

3B 

1.17 

-0.0270 

0.0070 

-0.00357 

0.0037 

1.50 

-0.0079 

0.0056 

-0.00175 

0.0018 
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Table  15 


Hydrodynamic  Coefficients  for  Tests 
Over  a  Wavy  or  Irregular  Bottom 


I.  Ahead 

Motion 

Y  ' 

V 

= 

-0.00646 

= 

-0.0319 

N  ' 

V 

= 

-0.00188 

VM 

= 

-0.00191 

J 

c 

= 

0.303 

Y  ' 

r  main 

= 

0.000402 

N6  ' 

= 

-0.000257 

r  main 

II.  Astern  Motion 

L  ' 

V 

s 

+0.0107 

*v|v|' 

— 

-0.0372 

Nv' 

= 

-0.00286 

> 

> 

z 

= 

-0.00948 

Jc 

s 

0.156 

r  flank 

= 

-0.00099 

Nfi  ' 

r  flank 

e 

0.000592 

.  . 


NON-DIMENSIONAL  COEFFICIENTS  Y.  '  Y.  ,  N  \  AND  N 


FIGURE 


DIMENSIONAL  COEFFICIENTS  Y.  Y.  N,  ■  AND  N 
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WATFR  DEPTH  DRAFT/RATIO,  H/T 


FIGURE  16-  VARIATION  OF  EQUILIBRIUM  PROPULSION  ADVANCE 
COEFFICIENTS  WITH  WATER  DEPTH /DRAFT  RATIO 
FOR  AHEAD  AND  ASTERN  MOTION 
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figures  ,  the  values  of  the  coefficients  for  the  wavy  bottom  were 
noted  on  a  straight  line  connecting  data  points  for  the  two  flat 
bottom  cases  (H/T  -  1.17  and  1.50)  to  indicate  an  "effective" 
water  depth. 

The  mean  and  rms  values  of  X*,  Y',  and  N'  determined  from 
the  spectral  analysis  of  the  data  obtained  in  the  tests  over  a 
wavy  bottom  are  presented  in  Table  16.  The  mean  values  of  Y' 
and  N*  given  in  this  table  are  generally  very  similar  to  the 
values  determined  from  time-averaging  of  measured  forces  during 
the  tests,  and  the  resulting  hydrodynamic  coefficients  (Yv', 
Nv' ,  etc.)  are  very  similar  to  those  determined  from  the  time- 
averaged  forces. 

Figure  D.13  of  Appendix  D  contains  a  sample  track  plot  from 
a  free  running  model  test  past  a  series  of  wing  dams.  This 
figure  illustrates  the  small  effect  of  the  wing  dams  on  track  of 
the  tow. 


.  V  . 
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5.0  DEVELOPMENT  OF  THE  MANEUVERING  MODEL 

A  complete  maneuvering  model  (see  Appendix  C)  for  the  tow 
was  developed  which  accounted,  as  appropriate,  for: 

•  Squat 

•  Water  Depth 

•  Bank  Proximity 

•  Wing  Dam  Proximity 

•  wavy  or  Irregular  Bottom  Geometry 

•  Engine  Dynamics 

The  basic  maneuvering  model  and  software  developed  by 
Tracor  Hydronautics,  and  used  in  the  U.S.  Coast  Guard  Simulator, 
include  methods  for  modeling  the  effect  of  finite  water  depth 
and  banks,  b «•:  not  the  effect  of  wing  dams  or  a  wavy  bottom. 
The  required  shallow  water  coefficients  were  developed  in  the 
section  on  Reduction  and  Presentation  of  Data. 

As  noted  in  Section  3.0,  the  model  tow  was  free  in  heave 
and  pitch.  The  effect  of  squat  (sinkage  and  trim)  was  thus, 
except  for  the  possible  presence  of  viscous  scale  effects, 
properly  modeled  in  the  tests.  For  the  model  scale  employed, 
such  scale  effects  were  estimated  to  be  small.  The  one  factor 
which  was  not,  and  could  not,  be  modeled  was  the  deformation  of 
the  relatively  soft  river  bottom,  which  can  be  important  at 
higher  speeds  and  power  levels.  For  extreme  combinations  of 
power  and  speed,  with  large  resulting  squat,  a  towboat  can 
essentially  dig  itself  into  the  river  bottom.  The  bottom  of  the 
HSMB  is  rigid.  It  was  assumed  that  the  simulation  model  would 
not  be  applied  to  cases  where  significant  bottom  deformation 


occurs 
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The  PMM  test  data  for  the  7.5-foot  draft  towboat*  deep 
water  and  shallow  water  conditions  (depth/draft  ratio*  H/T  *  1.5 
and  1.17)  are  presented  in  Appendix  A  of  this  report.  The 
second  set  of  PMM  test  data  for  the  9.0-foot  draft  towboat  in 
deep  water  and  shallow  water  (H/T  *  1.17  only)  is  given  in 
Appendix  B  of  this  report.  All  these  data  were  reduced  to 
nondimens ional  hydrodynamic  coefficients  used  in  ship  motion 
maneuvering  equations  in  accordance  with  standard  practices 
described  in  Reference  3.  Some  specific  features  of  the  very 
large  body  of  data  obtained  should  be  particularly  noted. 

1.  The  resistance  and  propulsion  coefficients  for  both 

sets  of  tests  (7.5-foot  draft  and  9.0-foot  draft  towboats) 
are  quite  similar,  with  differences  in  the  range  of 
5-7  percent,  and  are  also  similar  to  earlier  analytical 
predictions  for  the  15-barge  tow,  Reference  1,  particularly 
for  ahead  motion.  At  the  test  speed,  the  X’ -force,  as  a 
function  of  propulsion  ratio  for  the  9.0-foot  draft 
towboat/barge  system,  was  slightly  lower  (by  4-6  percent) 

than  that  achieved  by  the  tow  with  7.5-foot  draft  towboat. 

This  may  be  due  to  the  increase  in  towboat  hull  resistance 
at  the  9.0-foot  draft.  Dependence  of  the  resistance  and 
propulsion  coefficients  on  water  depth  was  quite  similar  for 
both  sets  of  data*  and,  as  a  result,  the  shallow  water 

correction  coefficients  for  terms  a^,  b^*  and  c^, 

which  define  the  difference  between  resistance  and  thrust* 
were  quite  similar  for  the  two  drafts.  It  should  be  noted 
that  for  the  shallow  water  tests,  the  scatter  of  test  data 
was  larger  than  that  in  deep  water. 
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2.  Measured  forces  and  moments  in  deep  water  show 
effects  of  stalling  for  main  rudder  angles  greater  than 
28  to  30  degrees.  In  shallow  water,  the  stall  starts  some¬ 
what  earlier,  at  about  25  degrees.  Flanking  rudders 
operating  in  ship  astern  motion  have  a  tendency  to  stall  at 
even  smaller  rudder  angles,  about  20  to  22  degrees.  The 
coefficients  used  in  the  simulation  equation  assume  linear 
dependence  of  force  and  moment  with  rudder  angle.  Thus, 
these  coefficients  have  been  determined  by  a  curve  fit  which 
averages  all  measured  data  up  to  and  slightly  beyond  the 
observed  stall  angle. 

3.  Measured  values  of  lateral  forces  and  yawing  moment  are 
clearly  nonlinear  functions  of  the  drift  angle  (see  Fig¬ 
ure  17).  At  drift  angles  larger  than  6  to  7  degrees,  these 
forces  and  moments  are  significantly  influenced  by  cross- 
flow  drag,  which  is  proportional  to  velocity  squared. 

Comparisons  of  these  test  data  for  the  7.5-foot  and 
9.0-foot  draft  towboat  tests  within  their  linear  range 
show  that  bo  h  sets  of  data  are  similar,  and  differences 
between  them  are  in  the  range  of  the  experimental  scatter. 
Physically,  this  is  the  expected  result  because  the  barges, 
which  dominate  lateral  force  and  yaw  moment,  had  the  same 
draft  in  both  tests. 

The  results  of  curve  fitting  the  test  data  using  both 
linear  and  square  absolute  terms  are  presented  by  the 
hydrodynamic  coefficients  Xvv’,  Yv',  Yv|v|',  Nv'  and  Nv|v|' 
in  Tables  5  to  II. 

The  differences  between  the  two  sets  of  data  for  the 
7.5-foot  draft  and  9.0-foot  drafts,  for  the  deep  water  case, 
are  basically  in  the  nonlinear  coefficients  Xvv, '  and 


FIGURE  17  -  MODEL  FORCE  AND  MOMENT  COEFFICIENTS  FOR  7.5  FEET 
DRAFT  AND  9.0  FEET  DRAFT  TOWBOAT /BARGE  SYSTEMS 
I,  IN  DEEP  WATER 
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Nv|v|'  for  both  ahead  and  astern  motions.  This  trend  was 
also  detected  in  shallow  water  conditions  with  a  depth/draft 
ratio  of  1.17.  For  instance,  the  coefficient  Xvv'  was 
larger  by  20-30  percent  for  the  9.0-foot  draft  towboat  than 
for  the  7.5-foot  draft  towboat  for  both  deep  and  shallow 
water  conditions,  perhaps  due  to  additional  vortex  shedding 
arising  from  the  greater  draft.  Assuming  this  to  be  the 
case,  it  was  decided  to  increase  the  coefficient  Xvr'  for 
the  9.0-foot  draft  towboat  by  20-25  percent  compared  with 
its  value  for  the  7.5-foot  draft  towboat. 

4.  Inertia  and  cross-coupling  nonlinear  coefficients  were 
determined  from  the  data  for  dynamic  PMM  tests  in  pure  sway 
and  yaw  and  dynamic  tests  in  yaw  with  the  fixed  drift  angles 
for  the  first  river  barge  tow  (with  the  7.5-foot  draft  tow¬ 
boat)  in  deep  and  shallow  water.  For  the  river  tow  with 
9.0-foot  draft  towboat,  the  inertia  and  cross-coupling  non¬ 
linear  coefficients  were  estimated  from  the  test  data  for 
the  7.5-foot  draft  towboat  with  suitable  empirical  correc¬ 
tions  for  the  change  in  draft.  The  nonlinear  cross-coupling 
coefficients  Jor  the  9.0-foot  draft  set  were  estimated  from 
the  data  for  7.5-foot  draft  with  corrections  based  on  the 
underwater  lateral  area  and  the  center  of  pressure  associ¬ 
ated  with  this  area.  These  corrections  were  generally 
quite  small  and  were  in  the  range  of  5-7  percent  of  the 
total  value. 

The  final  sets  of  the  hydrodynamic  coefficients  ob¬ 
tained  from  the  test  data  with  the  7.5-foot  draft  towboat 
in  deep  and  shallow  water  are  given  in  Tables  5  to  7. 
Tables  8  and  9  show  the  hydrodynamic  coefficients  in 
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shallow  water,  depth/draft  ratio,  H/T  *  1.5  and  1.17,  ob¬ 
tained  by  the  curve  fitting  from  the  deep  water  results. 
They  are  quite  close  to  the  coefficients  derived  from  the 
original  test  data. 

The  resulting  set  of  hydrodynamic  coefficients  for  the 
river  tow  with  9.0-foot  draft  towboat  in  deep  water  and 
shallow  water  (H/T  =  1.17)  are  presented  in  Tables  10 
and  11.  It  should  be  noted  that  in  this  case  the  test 
program  in  shallow  water  was  quite  limited.  The  derived 
curve  fitting  the  hydrodynamic  coefficients  used  exactly 
the  data  derived  from  the  shallow  water  model  tests  where 
H/T  =  1.17.  Thus,  for  the  shallow  water  case,  for  the 

9.0-foot  towboat,  the  table  represents  both  the  model  test 
data  and  shallow  water  curve  fitting  from  the  deep  water 
condition. 

Measured  steady  lateral  forces  and  yaw  moments  acting  on 
the  tow  at  zero  drift  angle  and  zero  rudder  angle  in  proximity 
to  a  bank  are  shown  in  Figures  9  and  10  to  be  an  essentially 
linear  function  of  the  bank  clearance  parameter,  8.  Comparable 
data  for  conventional  ships,  as  presented  in  Reference  4,  also 
exhibit  a  nearly  linear  variation  of  these  forces  with  B. 

From  curve  fits  to  the  data  of  Figures  9  and  10,  slopes  of 
the  lateral  force  and  yawing  moment  curves  nave  been  determined 
to  be: 


H/T 

3Y'/9B 

9N '  /  38 

1.17 

0.00063 

0.00037 

1.50 

0.00016 

0.00006 
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MD  R  HATTON  ET  AL.  JAN  84  TR-83011-2  USCG-D-18-84 
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These  results  are  much  different  than  the  results  for  ships 
given  in  Reference  4,  even  when  the  differences  in  the  length- 
draft  ratios  of  the  tow  (126)  and  the  ship  (15)  are  taken  into 
account.  The  forces  for  the  tow  are  generally  much  smaller  than 
those  for  the  ship,  but  show  a  much  greater  variation  with  water 
depth/draft  ratio,  H/T.  This  greater  dependence  of  H/T  is  prob¬ 
ably  due  to  the  much  greater  beam/draft  ratio  of  the  tow. 

It  was  decided  to  retain  the  basic  form  for  modeling  bank 
effects  given  in  Reference  4s 

p  ‘  a  •  5  •  <h7t> 

where  the  empirical  constants  a,  b  and  c  depend  on  vessel  geom¬ 
etry  and  are  generally  different  for  lateral  force  and  yawing 
moment.  As  bank  effect  data  were  not  available  for  deep  water, 
it  was  necessary  to  estimate  a  water  depth  beyond  which  bank 
effects  were  not  dependent  on  H/T. 

Based  on  the  meisured  variation  of  3Y'/3B  and  3N'/3B  with 
H/T,  and  the  var  rtion  of  other  hydrodynamic  forces  with  B,  it 
was  assumed  that  depth  effects  were  important  only  for  H/T  <  2. 
A  value  of  2.0  was  therefore  assumed  for  b  for  both  Y*  and  N*. 
Using  this  value  of  b,  the  resulting  expressions  for  Y'  and  N* 
for  the  tow  ares 


Y*  =  0.000033B  (^) 
*  0.0000335 


for  H/T  <  2 
for  H/T  >  2 


N'  =  0.00001 


46  (h7t) 


6.15 


for  H/T  <  2 


0.0000145 


for  H/t  >  2 
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Khile  these  expressions  are  identical  in  form  to  those  given  for 
ships  in  Reference  4,  they  exhibit  several  notable  differences. 
The  present  exponents  for  the  depth  effect  are  some  4.5  times 
larger  than  those  for  ships  (1.2  and  1.4),  and  the  ratio  of  N' 
to  Y'  for  the  tow  (approximately  0.5)  is  much  larger  than  the 
same  ratio  for  the  ships  (approximately  0.16).  The  large  ratio 
of  N'  to  Y1  for  the  tow  was  not  expected,  but  is  clearly 
exhibited  by  all  of  the  test  data. 

Figures  11  and  12  show  that  the  hydrodynamic  coefficients 
Yv '  and  Nv'  have  an  essentially  linear  variation  with  B. 
The  sensitivity  of  these  forces  to  B  is  larger  for  the  smaller 
water  depth  (H/T  =  1.17),  as  would  be  expected. 

From  the  test  data,  it  is  not  possible  to  determine  the  ef¬ 
fect  of  bank  proximity,  or  B,  on  any  other  ship  added  mass  or 
damping  coefficients.  It  is  considered  undesirable,  for  reasons 
discussed  in  Reference  4,  to  consider  the  effect  of  bank  prox¬ 
imity  only  on  two  coefficients  or  terms.  The  results  in  Figures 
11  and  12  clearly  indicate  the  need  to  conduct  additional  tests 
to  determine  the  effect  of  bank  proximity  on  other  important 
hydrodynamic  coefficients,  and  to  modify  the  simulation 
equations  and  software,  as  necessary,  to  reflect  these  effects. 

To  illustrate  the  magnitude  of  the  effect  of  bank  proximity 
on  Yv  *  and  Nv',  required  operating  drift  and  rudder  angles 
for  steady  state  operation  parallel  to  a  bank  have  been  calcu¬ 
lated  including  and  neglecting  the  effect  of  B  on  these  coeffi¬ 
cients.  For  a  water  depth/draft  ratio  of  1.5  and  a  clearance 
from  the  tow  to  a  single  hank  of  0.5  tow  beams,  the  required 
drift  and  rudder  angles  change  by  0.65  and  1.0  degrees,  respec¬ 
tively.  Somewhat  larger  changes  will  be  found  for  smaller  water 
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depths.  These  results  Indicate  that  neglecting  the  variation  of 
hydrodynamic  coefficients  with  distance  to  the  bank,  although 
measureable,  will  probably  not  cause  large  errors  in  predicted 
tow  maneuvering. 

The  results  presented  in  Table  12  indicate  that  the  clear¬ 
ance  between  the  vessel  and  the  end  of  the  wing  dams  has,  on 
average,  only  a  small  effect  on  the  sway  hydrodynamic  coeffi¬ 
cients,  Yv '  and  Nv'.  Por  the  depth/draft  ratio  of  1.17,  the 
values  of  Yv'  and  Nv'  decrease  slightly  with  decreasing 
clearance.  There  are  less  clearly  defined  trends  for  the 
depth/draft  ratio  of  1.5,  although,  on  average,  values  of  Yv' 
and  Nv*  increase  somewhat  with  decreasing  clearance.  Based  on 
these  results,  it  is  not  considered  appropriate  to  model  the  ef¬ 
fect  of  wing  dam  clearance  or  proximity  on  hydrodynamic  coeffi¬ 
cients  in  predicting  vessel  maneuvering. 

Table  13  indicates  that  there  are  no  significant  and 
consistent  variations  of  the  meen  values  of  X',  Y',  and  N'  with 
wing  dam  clearance  at  zero  drift  angle  and  a  given  water  depth. 
The  small  finite  values  of  Y'  and  N'  at  zero  drift  angle  are 
probably  due  primarily  to  the  off  tank  centerline  location  of 
the  tow  in  these  tests. 

Table  14  also  indicates  that  there  are  no  significant 
variations  of  the  rms  values  of  X1,  Y'  and  N'  with  wing  dam 
clearance  for  either  test  depth.  Rms  values  do  show  a  signifi¬ 
cant  variation  with  depth,  however.  Rms  values  show  no  signifi¬ 
cant  and  consistent  variations  with  drift  angle,  increasing  with 
increasing  drift  angle  in  some  cases  and  decreasing  with  drift 
angle  in  other  cases. 


Tracor  Hydronautics 


-80- 


The  spectral  analyses  of  the  unsteady  force  data  indicated 
that  much  of  the  energy  associated  with  these  forces  is  at  fre¬ 
quencies  which  are  much  greater  than  the  wing  dam  frequency  of 
encounter  (0.064  -  0.080  Hertz).  This  indicates  that  these 
unsteady  forces  arise  primarily  from  a  source  other  than  the 
hydrodynamic  influence  of  the  wing  dams.  However ,  the  rms  sway 
forces  for  a  depth/draft  ratio  of  1.5  in  Table  13  are  larger 
than  those  for  operation  over  a  wavy  bottom  of  comparable  depth, 
as  presented  in  Table  16.  This  could  indicate  that  the  waterway 
geometry  does  have  some  influence  on  unsteady  sway  forces. 

It  was  concluded  that  the  measured  unsteady  forces  are  due 
primarily  to  sources  other  than  the  presence  of  the  wing  dams, 
and  much  of  the  energy  of  these  unsteady  forces  is  at  high  fre¬ 
quencies  which  cannot  affect  vessel  maneuvering.  It  is  thus 
proposed  not  to  include  unsteady  forces  due  to  wing  dam  prox¬ 
imity  in  any  prediction  of  tow  maneuvering. 

In  actual  tow  operations,  the  effect  of  wing  dams  on  tow 
behavior  and  maneuvering  is  often  found  to  be  significant, 
particularly  with  high  river  flows  and  currents.  Discussions 
with  pilots  indicated  that  the  effect  of  the  wing  dams  was 
probably  due  primarily  to  the  lateral  flows  near  the  ends  of  the 
dams  produced  by  interactions  of  current  and  wing  dams.  Current 
velocities  were  not  simulated  in  the  model  tests  and  hence  such 
effects  were  not  present  in  the  model  tests.  This  appears  to  be 
the  reason  why  wing  dam  effects  measured  in  the  model  tests  were 
not  significant. 

The  results  for  the  sideslip  and  rudder  tests  in  the 
presence  of  the  wavy  or  irregular  bottom,  indicate  two  important 
effects  of  this  bottom  on  vessel  hydrodynamics.  The  first  is  an 
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effect  on  the  propulsion ,  as  defined  by  the  equilibrium  or  self¬ 
propulsion  advance  coefficient,  Jc.  The  second  is  the  effect 
on  the  static  hydrodynamic  coefficients,  Yv’,  Nv',  Y$r', 
N£r',  for  ahead  and  astern  motion. 

The  overall  effect  of  the  wavy  bottom  is  the  existence  of  a 
typical  or  "effective"  water  depth  for  the  static  hydrodynamic 
coefficients.  This  "effective"  water  depth  is  the  water  depth 
with  a  uniform  bottom  for  which  a  given  coefficient  is  equal  in 
value  to  that  measured  with  the  wavy  bottom.  A  second  effect  is 
the  unsteady  forces  acting  on  the  tow  due  to  the  irregular 
bottom,  and  the  magnitude  of  these  forces  relative  to  the  mean 
forces.  The  magnitudes  of  these  effects  are  discussed  below. 

Figures  13  to  16  indicate  that  for  operation  over  the 
tested  wavy  bottom,  almost  all  measured  coefficients  reflect  an 
"effective"  water  depth  between  1.35  and  1.60  drafts.  The  aver¬ 
age  values  of  these  effective  depths  are  summarized  for  various 
coefficient  groups  in  Table  17. 

From  these  results,  it  appears  that  a  typical  effective 
depth  for  all  sid  slip  and  rudder  coefficients  is  1.5  drafts  and 
a  typical  effective  depth  for  the  propulsion  Jc's  is  about 
1.35  drafts.  The  overall  average  effective  depth  for  all 
coefficients  is  1.44  drafts.  The  geometric  average  water  depth 
for  the  tested  wavy  bottom  was  1.44  drafts.  Thus,  the  average 
values  of  effective  water  depth  and  geometric  water  depth  are 
essentially  identical.  The  effective  depth  for  the  sideslip 
coefficients  is  not  dependent  on  direction  of  tow  motion,  while 
for  the  rudder  and  propulsion  coefficients  the  effective  depth 
is  smaller  for  astern  motion  than  for  ahead  motion.  This 
difference  is  possibly  due  to  the  longitudinal  asymmetry  of  the 
bottom  "waves." 
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Table  17 

Effective  Water  Depths  Deduced 
From  Tests  Over  a  Wavy  Bottom 


All  Coefficients 


1.39 


1.44 
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Frora  these  results  it  was  concluded  that  the  effective 
water  depth  of  a  wavy  or  irregular  bottom  can  be  suitably  repre¬ 
sented  by  using  the  average  bottom  water  depth. 

The  rms  values  of  unsteady  surge  force  coefficient,  X', 
given  in  Table  16  for  tests  over  a  wavy  bottom  appear  rather 
large.  Most  of  the  energy  in  the  unsteady  force  spectra  is  at 
frequencies  much  higher  than  the  bottom  wave  encounter  frequency 
(0.13  Hertz),  and  rms  values  show  no  clear  dependence  on  drift 
angle  or  rudder  angle.  It  is  thus  not  clear  if  these  unsteady 
forces  are  directly  related  to  passage  of  the  tow  over  the  wavy 
bottom. 

The  rms  values  of  Y'  and  N'  given  in  Table  4  are  comparable 
in  magnitude  to  the  mean  values  at  the  tested  finite  drift  angle 
(6  degrees)  and  rudder  angle  (25  degrees).  The  rates  of  change 
of  the  rms  values  with  respect  to  drift  and  rudder  angle  are,  on 
average,  about  50  and  30  percent  of  the  rates  of  change  of  the 
mean  or  average  values,  for  ahead  and  astern  motions,  respec¬ 
tively. 

Further  inv»  itigation  of  the  unsteady  forces  which  occur 
during  operation  over  a  wavy  bottom  are  needed  to  determine  the 
significance  of  these  forces  for  ship  maneuverability  and 
controllability.  Based  on  the  available  results,  it  is  recom¬ 
mended  that  unsteady  forces  be  neglected  in  predicting  vessel 
behavior  when  operating  over  an  irregular  bottom. 

In  preliminary  simulations  of  the  river  tow  with  7.5-foot 
draft  towboat,  engine  dynamics  were  simulated  by  assuming  a 
constant  rate  of  change  of  rpm  with  time  over  the  full  range  of 
propeller  rpm's  (from  +190  to  -190  rpm).  A  rate  equal  to 
7.0  rpm/sec  was  selected  as  a  representative  rate  from  the 
available  trial  data  performed  by  Exxon  for  different  towboats. 
Reference  7. 
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In  the  final  simulations,  the  modeling  of  engine  dynamics 
was  modified  to  reflect  more  accurately  dynamics  of  the  engine 
and  clutch  for  this  particular  towboat  design.  From  information 
supplied  by  St.  Louis  Ship,  the  average  rate  of  change  of  rpm 
was  specified  to  be  15.0  rpm/sec. 

The  engine  dynamics  model  was  modified  to  reflect  known 
behavior  and  operating  limits  of  the  engines  used  on  the  tow¬ 
boat.  It  was  determined  that  the  minimum  possible  engine 
operating  rpm  corresponds  to  70  propeller  rpm.  It  is  thus  only 
possible  to  achieve  propeller  rpms  between  +70  and  +190  or 
between  -70  and  -190,  except  for  the  case  when  the  engine  is 
declutched,  and  the  propeller  rpm  is  essentially  zero.  It  was 
assumed  that  the  engine  was  declutched  when  the  commanded  rpm  is 
less  than  10.  The  new  engine  dynamics  model  therefore  limits 
command  rpms  as  .shown  in  Figure  18,  or: 
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COMMAND  RPM 


FIGURE  18  -  ASSUMED  VARIATION  OF  TOWBOAT  COMMAND  RPM 
WITH  THROTTLE  SETTING  USED  IN  MANEUVERING 
SIMULATIONS  OF  15  BARGE  YOW  SYSTEM 
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6.0  SIMULATED  MANEUVERS 

Results  of  the  PMM  tests  and  analysis  provide  a  complete 
mathematical  model  capable  of  simulating  arbitrary  maneuvers  of 
the  15-barge  river  tow  in  deep  and  shallow  waters,  for  ahead  and 
astern  motions  and  for  all  variations  of  rudder  angles  (main  and 
flanking  rudders)  and  propeller  rpm's  (see  Appendix  C) . 

For  the  purpose  of  evaluating  the  turning  and  handling 
characteristics  of  the  river  tow  in  deep  and  shallow  waters 
using  the  maneuvering  simulation  procedure,  the  so-called  de¬ 
finitive  maneuver  approach  was  used  (Reference  8).  A  standard 
turning  maneuver  with  maximum  rudder  angle  of  35  degrees,  a 
20  x  20  zig-zag  maneuver,  and  a  crash  stop  maneuver  were 
performed  for  deep  water  conditions  and  in  shallow  water  for 
depth/draft  ratios,  H/T  *  1.5  and  H/T  =  1.17. 

The  simulations  were  made  only  for  ahead  motion  at  an  ap¬ 
proach  speed  of  4.6  mph  (tow  with  7.5-foot  draft  towboat)  and 
3.45  mph  (for  both  tows,  7.5-Loot  and  9.0-foot  draft  towboat). 
Numerical  values  of  coefficients  used  in  these  simulations  have 
been  presented  )  Tables  5  to  11.  Simulations  were  performed 
with  both  measured  shallow-water  values  and  values  derived  by 
applying  shallow  water  corrections  to  deep  water  test  data. 
Computer  printouts  of  several  simulation  runs  are  summarized  in 
Tables  18  to  20.  Analysis  of  these  maneuvers  allows  certain 
conclusions  to  be  drawn  as  described  below. 

Turning  Maneuvers  -  Turning  maneuvers  provide  quantitative 
measures  of  the  effectiveness  of  the  rudder  in  producing  steady 
turnin<j  characteristics.  Numerical  measures;  obtained  from  the 
simulated  turning  maneuvers  are  presented  in  Table  18.  There 
are  no  available  models  or  trial  data  for  this  tow,  but  a 


Table  18 
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comparison  of  deep  water  turning  characteristics  of  this  tow 
with  characteristics  of  other  tows  (scaled  to  the  dimensions  of 
this  tow.  Reference  9)  from  Exxon  test  data.  Reference  7,  shows 
that  this  tow  has  very  good  turning  characteristics.  The  tow 
with  the  7.5-foot  draft  towboat  has  a  nondimensional  tactical 
diameter,  D^/L,  of  3.45.  With  a  9.0-foot  draft  towboat,  the 
tactical  diameter  is  even  smaller  and  equals  only  3.01  ship 
lengths. 

It  should  be  noted  that  speed  variation  has  little  influ¬ 
ence  on  turning  characteristics.  In  shallow  water,  the  tow 
showed  increased  directional  stability,  and  therefore,  compared 
with  the  deep  water  case,  all  linear  characteristics  are 
basically  increased  by  a  factor  of  1.5  to  1.65  for  depth/draft 
ratio,  H/T  =  1.17.  For  instance,  a  comparison  of  the  tactical 
diameter  of  the  deep  water  and  shallow  water  case,  H/T  «  1.17, 
shows  that  the  tactical  diameter  for  ahead  turning  in  shallow 
water  is  approximately  1.6  times  that  in  deep  water,  which  is 
also  quite  typical  for  full-form  ships  like  tankers  (Reference 
5). 

Also,  due  to  the  increased  directional  stability  of  the  tow 
in  shallow  water,  the  relative  loss  of  speed  in  the  turn  and 
the  steady-state  drift  angle  decrease  significantly.  Speed 
loss,  in  percent,  changes  from  38.33  in  deep  water  to  27.33  for 
H/T  ■  1.17,  and  drift  angle,  in  degrees,  changes  from  19.01  in 
deep  water  to  2.14  in  shallow  water.  Turn  rate  changes  approxi¬ 
mately  inversely  to  the  tactical  diameter. 

Zig-Zag  Maneuvers  -  Numerical  measures  for  ahead  20-20 
zig-zag  maneuvers  at  3.45  mph  approach  speed  are  given  in 
Table  19.  Due  to  the  great  stability  of  the  tow  in  deep  water, 
the  overshoot  heading  angles  are  quite  small  (in  the  range  from 
2.9  to  3.25  degrees).  In  shallow  water,  the  overshoot  heading 
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angles  are  even  smaller  than  those  in  deep  water  (in  the  range 
from  2.5  to  1.3  degrees)  due  to  the  increased  stability  of  the 
ship  in  shallow  water.  A  significant  time  is  required  to  reach 
the  execute  heading  angles. 

Stopping  Maneuver  -  The  main  numerical  measures  for  crash 
stopping  maneuvers  are  shown  in  Table  20. 

The  maximum  astern  rpm  for  these  simulations  was  150.  It 
takes  about  five  minutes  to  stop  the  15-barge  river  tow  from  3.45 
mph  ahead  speed.  In  shallow  water,  under  the  same  initial 
conditions,  it  takes  longer  to  stop  the  tow  than  in  deep  water. 

Validation  of  Maneuvering  Performance  -  There  are  no  full- 
scale  maneuvering  trial  data  available  for  the  15  barge  tow  and 
towboat  used  in  this  study.  In  fact,  at  this  time  about  the  only 
available  river  tow  maneuvering  trial  data  are  presented  in 
Reference  7.  This  reference,  which  presents  work  carried  out  for 
the  Corps  of  Engineers,  describes  a  full-scale  test  program 
conducted  in  the  Baton  Rouge  area  on  the  lower  Mississippi  using 
three  different  tow  boats.  The  f’rst  tow  included  the  towboat 
"Exxon  Memphis,"  a  twin  screw  Kort  nozzle  towboat  designed  to 
push  an  integrated  oil  barge  tow.  The  second  series  of  tests 
were  performed  using  the  "Exxon  Nashville"  and  the  Exxon  Lake 
Charles,  both  open  wheel  towborts.  The  "Exxon  Memphis"  and 
"Exxon  Nashville"  were  identical  vessels  with  the  exception  of 
the  Kort  tozzles,  while  the  "Exxon  Lake  Charles"  had  about  2/3  of 
their  installed  power. 

The  characteristics  of  the  "Exxon  Nashville"  and  its  tow  and 
the  15  barge  tow  of  this  study  are  given  in  Table  21. 
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Table  21 

Characteristics  of  River  Tows 


Item 

1 5  Barge  Tow 
and  Towboat 

Exxon  Nashville 
and  Tow 

Length  of  Tow  and 
Towboat 
•  LOA,  feet 

1130 

1160 

•  Beam  of  tow,  feet 

105 

54 

•  Length  of  Towboat, 
LOA,  feet 

140 

120 

*  Beam  of  Towboat, 
feet 

38 

34 

•  Draft  of  Tow,  feet 

9.0 

9.25 

•  Draft  of  Towboat, 
feet 

9.0 

9.0 

•  Displacement,  Short 
tow 

29,300 

16,293 

•  Propeller  Diameter, 
feet 

8.5 

8.5 

•  Installed  BHP 

3800 

3300 

The  Exxon  Nashville  tow  differs  from  the  15  barge  tow  of 
this  study  primarily  in  the  overall  beam  of  the  tow  (541  versus 
105')  and  in  the  total  displacement /(1 6, 293  versus  24 , 300  short 
tons).  The  towboats  are  similar  in  size  and  installed  power. 

Turning  Performance  -  Figure  19  shows  the  average  speed 
loss,  drift  angle  (  3)  in  degrees,  and  yaw  rate  (  4*)  in  degrees  per 
second  for  the  three  tested  Exxon  tows  and  the  15  barge  tow  in  a 
steady  turn  using  a  15  degree  rudder  angle.  The  trial  data  were 
obtained  by  averaging  values  for  60  second  periods  during  6 
minutes  of  a  constant  sudden  angle  turn.  The  trial  data  were 
obtained  at  the  full-power  condition  but  the  approach  speeds 
varied  between  7.2  and  6.3  MPH .  For  the  15  barge  tow  case  the 
approach  speed  was  7.7  MPH.  In  all  cases  the  water  was  deep. 


i 

i 

i 


YAW  RATE,  tj;  DRIFT  ANCLE,  g  FRACTION  OF 

(DECREES /SECONDS)  (DEGREES)  INITIAL  SPEED 


TURNINC'  TIME,  MINUTES 


FIGURE  19  -  COMPARISON  OF  SIMULATION  AND  FULL  SCALE 
DATA  FOR  STEADY  TURNS 
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Pigure  19  shows  that  the  turning  characteristics  of  the 
three  cows  in  the  trials  and  the  simulated  15  barge  tow  are  very 
similar.  This  is  to  be  expected  in  that  turning  performance  is 
primarily  a  function  of  rudder  size,  power,  overall  length,  and 
draft.  These  measures  are  all  similar  between  the  three  trial 
tows  and  the  15  barge  tow.  Thus,  within  the  limits  of  the  trial 
data  available,  it  may  be  concluded  that  the  turning  performance 
of  the  simulated  15  barge  tow  is  as  expected. 

Stopping  Performance  -  It  is  more  difficult  to  make  valid 
comparisons  of  stopping  performance  of  the  Exxon  Nashville  tow 
and  the  15  barge  tow  than  it  is  to  compare  their  turning 
performance.  This  is  because  stopping  performance  is  a  function 
of  approach  speed,  displacement,  astern  horsepower,  and  propeller 
diameter  and  efficiency.  Also,  the  stopping  trials  were 
conducted  either  with  or  against  a  significant  current  and  thus 
for  comparison  purposes  the  results  must  be  corrected  to  still 
water  vc  ues. 

A  down-river  stopping  maneuver  of  the  Exxon  Nashville 
(Run  2,  Reference  5)  has  been  corrected  to  the  zero  current 
condition  and  to  include  the  thirty-second  time  lag  reported  for 
full  ahead  to  full  astern.  The  results  for  the  Exxon  Nashville 
and  the  15  barge  tow  are  given  in  Table  22. 


Tracor  Hydronautics 


-97- 


Table  22 

Comparison  of  Stopping  Performance 
of  Exxon  Nashville  and  15  Barge  Tow  - 
Deep  Water  No  Current 


Item 

Exxon  Nashville 
and  Tow 

15  Barge  Tow  and 
Towboat 

Approach  Speed 

Astern  Power,  BHP 
Astern  RPM 

Propeller  Diameter 
Head  Reach,  ft. 

Time  to  Stop,  Seconds 

9.12  MPH 

3300 

201 

8.5  ft. 
1670*150 

260 

7.72  MPH 

2200 

150 

‘  8.5  ft. 

2264 

508 

In  both  cases  the  stopping  maneuvers  were  started  from  the 
nominal  full-power  speed  in  deep  water.  In  the  simulation  for 
the  15  barge  tow  the  astern  RPM  was  limited  to  150  (out  of  190 
maximum)  which  limits  the  astern  power  to  about  2200  BHP.  This 
was  done  for  consistency  with  »he  simulated  stopping  maneuver 
results  given  in  Table  20. 

Clarke  and  bellman  (Reference  11)  proposed  universal 
stopping  performance  curves  for  large  ships  in  which  stopping 
distance  is  related  to  approach  speed,  displacement,  astern 
power,  and  propeller  diameter.  The  data  for  the  river  tows  given 
in  Table  22  has  been  converted  to  the  Clarke  parameters,  and  the 
results,  along  with  the  Clarke  curve  and  data,  are  presented  in 
Figure  20.  The  results  for  the  tows  are  close  to  the  theoretical 
curve  and  within  the  bard  of  data  for  large  ships.  This  indi¬ 
cates  that  the  stopping  performance  of  the  15  barge  tow  is 
basically  similar  to  the  Exxon  Nashville  trial  performance  when 
allowance  is  made  for  the  difference  in  power,  displacement,  and 
approach  speed. 


FIGURE  20  -  UNIVERSAL  STOPPING  CURVE  FOR  TANKERS  FROM  REFERENCE  11 
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Based  on  the  above  comparison  of  the  maneuvering  performance 
of  the  simulated  15  barge  tow  and  the  measured  maneuvering 
performance  of  the  Exxon  Nashville,  it  may  be  concluded  that  for 
deep  water  conditions  the  simulation  gives  the  expected  results. 
There  are  no  full-scale  trial  data  on  shallow  water  effects  on 
river  tow  maneuvering  performance.  The  effects  due  to  shallow 
water  shown  by  the  simulation  are  consistent  with  full-scale  data 
on  shallow  water  effects  on  large  ship  maneuvering. 
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7.0  CONCLUSIONS  AND  RECOMMENDATIONS 

This  report  presents  the  results  and  analysis  of  a  captive 
model  test  program  and  free  running  tests  of  a  15-barge  tow  in 
deep  and  shallow  water,  and  computer  simulations.  The  program 
included  tests  with  models  of  a  sloping  bank,  a  series  of  wing 
dams,  and  an  irregular  or  wavy  bottom. 

From  the  tests,  complete  sets  of  hydrodynamic  coefficients 
for  maneuvering  simulations  in  ahead  and  astern  maneuvers  were 
obtained  and  a  set  of  maneuvering  simulations  was  performed. 
The  following  conclusions  have  been  drawn: 

1.  The  primary  objective  of  the  task  was  achieved.  The 

mathematical  model,  simulating  a  typical  river  tow  in  the 
upper  Mississippi,  was  developed  and  the  hydrodynamic 
coefficients  were  obtained  experimentally.  Resultant 

definitive  maneuvers  demonstrated  the  validity  of  the 
system. 

2.  The  test  results  for  the  tows  with  7.5-foot  and  9.0-foot 
draft  towbo  os  in  deep  and  shallow  water  are  very  consis¬ 
tent.  These  data  should  thus  provide  a  good  basis  for 
developing  reliable  hydrodynamic  models  of  the  tow  maneuver¬ 
ing  in  deep  and  shallow  water. 

3.  Increasing  towboat  draft  from  7.5  to  9.0  feet  resulted  in 
generally  small  changes  or  no  changes  in  most  hydrodynamic 
coefficients.  The  primary  measured  effect  of  increasing 
towboat  draft  was  to  decrease  the  self-propulsion  advance 
coefficients,  an  indication  of  an  increase  in  required 
power  at  a  given  tow  speed.  This  result  would  indicate  the 
probable  need  for  lower  operating  speeds  in  very  shallow 
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water  with  the  deeper  towboat  draft  to  avoid  excessive  squat 
and  a  tendency  of  the  towboat  to  dig  itself  into  the  river 
bottom. 

4.  Shallow  water  effects  on  the  surge-sway-yaw  hydrodynamic 
coefficients  were  expressed  by  a  modified  third  order  poly¬ 
nomial  with  constant  coefficients.  A  special  curve  fitting 
procedure  allowed  fitting  the  shallow  water  PMM  test  data 
with  significant  accuracy  (typically  four  to  five  percent). 
Maneuvering  simulations  performed  with  hydrodynamic  coeffi¬ 
cients  obtained  from  the  shallow  water  data,  and  those  per¬ 
formed  with  shallow  water  corrections  to  deep  water  data, 
show  results  that  are  practically  identical,  with  differ¬ 
ences  in  the  range  of  two  percent.  Therefore,  shallow  water 
correction  coefficients  can  be  used  with  confidence  down  to 
depth/draft  ratios  of  about  1.15  -  1.17.  It  is  not  recom¬ 
mended  that  these  correction  coefficients  be  used  for 
H/T  <  1.15. 

5.  From  the  results  of  simulated  definitive  maneuvers,  it 
appears  that  the  tow  is  directionally  stable  in  ahead  motion 
in  deep  water  conditions,  and  becomes  even  more  stable  in 
shallow  water.  Tow  handling  characteristics  in  ahead  motion 
turns, zig-zags,  and  crash  stopping  maneuvers  are  apparently 
satisfactory.  The  shallow  water  effect  on  the  maneuvering 
performance  of  the  tow  is  in  general  agreement  with  shallow 
water  effects  determined  in  previous  studies.  However,  even 
in  the  shallowest  water  depth  (H/T  «  1.17),  the  tow  is  quite 
responsive  to  rudder  deflection. 
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6..  Lateral  forces  and  yawing  moments  on  the  tow  in  bank 

proximity  are  basically  as  expected,  and  decrease  rapidly 
with  increasing  distance  from  the  bank.  In  bank  proximity, 
the  bow  turns  away  from  the  bank  while  the  tow  is  sucked 
into  the  bank. 

7.  Bank  proximity  has  a  significant  effect  on  Yv'  and  Nv' 

coefficients.  However,  since  the  effect  of  bank  proximity 
on  other  coefficients  is  not  known,  it  is  not  considered 

appropriate  to  modify  the  maneuvering  simulation  to  include 
only  these  effects. 

8.  Proximity  of  the  tow  to  the  ends  of  a  series  of  wing  dams 

did  not  have  a  significant  effect  on  the  hydrodynamic  forces 
acting  on  the  tow,  perhaps  because  the  tests  were  conducted 
with  no  current  and  a  relatively  wide  river.  A  more 

significant  effect  would  undoubtedly  occur  with  current 
modeled. 

9.  The  primary  effe  t  on  maneuvering  performance  of  operation 
of  the  tow  c  /er  a  wavy  or  irregular  bottom  appears  to  be 
that  the  effective  water  depth  is  the  average  geometric 
depth  of  the  bottom.  There  is  some  difference  in  this 
effective  depth  for  ahead  and  astern  motion,  probably  due  to 
the  asymmetry  of  the  wavy  oottom  used  in  the  tests.  The 
tests  did  not  quantify  any  significant  unsteady  or  transient 
forces  due  to  passage  of  the  two  over  the  sharp  crests  of 
the  bottom  "waves." 

As  a  recommendation  for  future  studies,  it  would  be  desir¬ 
able  to  extend  the  experimental  and  analytical  analysis  of 
the  bank  effects  to  include  the  approach  of  the  tow  to  the 
bank  with  different  headings,  influence  of  sway  and  yaw 
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velocities  and  accelerations  on  the  hydrodynamic  forces  and 
influence  of  the  bank  configuration.  In  the  same  context# 
the  interactions  between  the  tow  and  other  passing  or  stand¬ 
ing  ships  should  also  be  investigated. 
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APPENDIX  A 

PLANAR  MOTION  MECHANISM  TEST  DATA  FOR  7.5  FOOT  (PROTOTYPE)  DRAFT 
TOWBOAT  WITH  1 5 -BARGE  TRAIN  IN  DEEP  AND  SHALLOW  WATER 


PROPULSION  RATIO  *v  r\ 

AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 
PROPULSION  RATIO  n  FOR  AHEAD  MOTION  IN 
DEEP  WATER 


FIGURE  A.] 
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FIGURE  A. 2 


AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 
PROPULSION  RATIO  n  FOR  ASTERN  MOTION  IN 
DEEP  WATER 
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FIGURE  A. 3  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  AHEAD  MOTION  AT  n  =  0  IN  DEEP  WATER 
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AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  6 
FOR  AHEAD  MOTION  AT  n  «  1  IN  DEEP  WATER 
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FIGURE  A. 


-  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  ASTERN  MOTION  AT  n  =  0  IN  DEEP  WATER 


DRIFT  ANCLE  B  *  DECREES 

FIGURE  A. 7  -  AXIAL  FORCE,  LATERAL  FORCE ,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  f) 
FOR  ASTERN  MOTION  AT  n  =  1  IN  DEEP  WATER 


FIGURE  A.H  -  A >:  .  M ,  K  LATr.  UAL  FORCE,  AND  YAW  MOMENT 

COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
LOP  A.-'-TK  AN  MOTION  AT  n  =  2  IN  DEEP  WATER 


RUDDER  ANCLE  6  m  'v  DECREES 

FIGURE  A. 9  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  FOR  AHEAD  MOTION  AT  n  *  0 
IN  DEEP  WATER 


•IJUI UIMUUM 


>35  -30  -25  -20  -15  -10  -5  0  5  10  15  20  25  30  35 

RUDDER  ANCLE  6m  *  DECREES 

FIGURE  A. 12  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  FOR  ZERO  SPEED  AT  n  ■  - 
(AHEAD  THRUST)  IN  DEEP  WATER 
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RUDDER  ANCLE  5  ^  DECREES 

FIGURE  A.  14  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 

COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING  RUDDER 
ANGLE  6 p  FOR  AHEAD  MOTION  AT  n  -  -2 
IN  DEEP  WATER 
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FIGURE  A. 20  -  LATERAL  FORCE  GAGE  IN-PHASE  COEFFICIENTS 

AS  FUNCTIONS  OF  SWAY  ACCELERATION  FOR  AHEAD 
MOTION  AT  n  *  1  IN  DEEP  WATER 
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FIGURE  A. 22  -  LATERAL  FORCE  GAGE  OUT-OF-PHASE  COEFFICIENTS 

AS  FUNCTIONS  OF  YAW  ANGULAR  VELOCITY  FOR  AHEAD 
MOTION  AT  n  =  1  IN  DEEP  WATER 


FIGURE  A. 23  -  LATERAL  FORCE  GAGE  IN-PHASE  COEFFICIENTS 

AS  FUNCTIONS  OF  YAW  ANGULAR  ACCELERATION  FOR 
AHEAD  MOTION  AT  n  =  1  TN  DEEP  WATER 
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FIGURE  A. 28  -  LATERAL  FORCE  GAGE  OUT-OF-PHASE  COEFFICIENTS 
AS  FUNCTIONS  OF  YAW  ANGULAR  VELOCITY  AND 
DRIFT  ANGLE  FOR  ASTERN  MOTION  AT  n  =  1 
IN  DEEP  WATER 


FIGURE  A. 30  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 
PROPULSION  RATIO  n  FOR  AHEAD  MOTION 

IN  SHALLOW  WATER,  H/T  «  1 . 50  ; 
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FIGURE  A.  31  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 
PROPULSION  RATIO  n  FOR  ASTERN  MOTION 
IN  SHALLOW  WATER,  H/T  *  1.50 
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FIGURE  A. 32  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 


COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  AHEAD  MOTION  AT  n  *  0  IN  SHALLOW  WATER, 
H/T  =  1.50 
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FIGURE  A. 33  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  6 
FOR  AHEAD  MOTION  AT  n  *  1  IN  SHALLOW  WATER, 
H/T  -  1.50 
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FIGURE  A. 34  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 


COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  AHEAD  MOTION  AT  n  -  2  IN  SHALLOW  WATER, 
H/T  *  1.50 
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FIGURE  A. 35  - 
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DRIFT  ANGLE  3  ^  DEGREES 
AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  6 
FOR  ASTERN  MOTION  AT  n  *  0  IN  SHALLOW  WATER, 
H/T  m  ISO 
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FIGURE  A. 36  -  AXIAL  FORCE ,  LATERAL  FORCE,  AND  YAW  MOMENT 


COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  8 
FOE  ASTERN  MOTION  AT  n  *  1  IN  SHALLOW  WATER, 
H/T  =  1.50 
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FIGURE  A. 37  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  ASTERN  MOTION  AT  n  =  2  IN  SHALLOW  WATER, 
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FIGURE  A. 39  - 


RUDDER  ANCLE  6m  a,  DECREES 

AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  6m  FOR  AHEAD  MOTION  AT  n  =  1 
IN  SHALLOW  WATER,  H/T  -  1.50 
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FIGURE  A. 47  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 

COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING  RUDDER 
ANGLE  6 f  FOR  ASTERN  MOTION  AT  n  *  2 
IN  SHALLOW  WATER  H/T  ■  1.50 
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FIGURE  A. 52  -  LATERAL  FORCE  GAGE  IN-PHASE  COEFFICIENTS 
AS  FUNCTIONS  OF  YAW  ANGULAR  ACCELERATION 
AHEAD  MOTION  AT  n  =  1  IN  SHALLOW  WATER, 
H/T  =  1.50 
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FIGURE  A. 53  -  LATERAL  FORCE  GAGE  OUT-OF-PHASE  COEFFICIENTS 
AS  FUNCTIONS  OF  YAW  ANGULAR  VELOCITY  FOR 
ASTERN  MOTION  AT  n  =  1  IN  SHALLOW  WATER. 
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FIGURE  A. 58  -  LATERAL  FORCE  GAGE  IN-PHASE  COEFFICIENTS  AS 

FUNCTIONS  OF  TAW  ANGULAR  ACCELERATION  AT  DRIFT 
ANGLE  8  «  182  DEGREES  FOR  ASTERN  MOTION  AT 
n  *  1  IN  SHALLOW  WATER,  H/T  *  1.50 
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FIGURE  A. 59  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 
PROPULSION  RATIO  n  FOR  AHEAD  MOTION 
IN  SHALLOW  WATER,  H/T  -  1.17 


til 


IBS; 


35S^= 


mm 


3  tiiimn  miH«M  ■ 
iisrjiTTCtraiCBt 


. 

-11 

-12 

► 

-13 

-14 

-15 

• 

-16 

• 

A 

-17 

mm 

-18 

-19 

-20 

1.6  -1.2  -0.8  -0.4  0  0.4  0.8  1.2  1.6  2.0  2.4  2.8  3.2 

PROPULSION  RATIO  'v  n 

FIGURE  A. 60  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 
PROPULSION  RATIO  n  FOR  ASTERN  MOTION 
IN  SHALLOW  WATER,  H/T  »  1.17 
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FIGURE  A. 61  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  8 
FOR  AHEAD  MOTION  AT  n  =  0  IN  SHALLOW 
WATER,  H/T  »  1.17 
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FIGURE  A. 62  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  6 
FOR  AHEAD  MOTION  AT  n  *  1  IN  SHALLOW 
WATER,  H/T  «  1.17 


DRIFT  ANGLE  g  ^  DEGREES 

FIGURE  A. 63  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  AHEAD  MOTION  AT  n  =  2  IN  SHALLOW 
WATER,  H/T  -  1.17 


DRIFT  ANGLE  B  *v  DEGREES 

AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  (J 
FOR  ASTERN  MOTION  AT  n  ■  0  IN  SHALLOW 
WATER,  H/T  »  1.17 


DRIFT  ANCLE  (3  -v  DECREES 

AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  ASTERN  MOTION  AT  n  *  1  IN  SHALLOW 
WATER,  H/T  -  1.17 


DRIFT  ANGLE  d  <v  DEGREES 

AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  ASTERN  MOTION  AT  n  -  2  IN  SHALLOW 
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RUDDER  ANCLE  Sm  %  DECREES 

FIGURE  A. 67  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  FOR  AHEAD  MOTION  AT  x\  *  0 
IN  SHALLOW  WATER,  H/T  -  1.17 
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RUDDER  ANGLE  6m  'v  DE<&EES 

FIGURE  A. 70  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  FOR  ZERO  SPEED  AT  n  *  •  (AHEAD 
THRUST)  IN  SHALLOW  WATER,  H/T  »  1.17 
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RUDDER  ANGLE  <Sf  %  DECREES 

FIGURE  A. 7 2  -  AXIAL  FORCE ,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING 
RUDDER  ANGLE  6f  FOR  AHEAD  MOTION  AT 
n  *  -2  IN  SHALLOW  WATER,  H/T  *  1.17 
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FIGURE  A. 73 
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RUDDER  ANCLE  6f  ^  DECREES 

AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING 
RUDDER  ANGLE  if  FOR  AHEAD  MOTION  AT 
n  -  -1  IN  SHALLOW  WATER,  H/T  -  1.17 


RUDDER  ANGLE  if  *  DEGREES 

AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  PLANKING 
RUDDER  ANGLE  6f  FOR  ASTERN  MOTION  AT 
n  «  0  IN  SHALLOW  WATER,  H/T  *  1.17 
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RUDDER  ANCLE  6f  *  DECREES 

AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING 
RUDDER  ANGLE  6f  FOR  ASTERN  MOTION  AT 
n  -  1  IN  SHALLOW  WATER,  H/T  «  1.17 


RUDDER  ANCLE  <5fIN  DECREES 

FIGURE  A. 76  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING 
RUDDER  ANGLE  6f  FOR  ASTERN  MOTION  AT 
n  *  7  IN  SHALLOW  WATER.  H/T  ■  1 . 1 1 


FIGURE  A. 78  -  LATERAL  FORCE  GAGE  IN-PHASE  COEFFICIENTS 
AS  FUNCTIONS  OF  SWAY  ACCELERATION  FOR 
AHEAD  MOTION  AT  n  *  1  IN  SHALLOW  WATER, 


YAW  ANGULAR  VELOCITY  PARAMETER 
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FIGURE  A. 82  -  LATERAL  FORCE  GAGE  OUT-OF-PHASE 

COEFFICIENTS  AS  FUNCTIONS  OF  YAW  ANGULAR 
VELOCITY  FOR  ASTERN  MOTION  AT  n  *  1  IN 
SHALLOW  WATER,  H/T  =  1.17 
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FIGURE  A. 84  -  LATERAL  FORCE  GAGE  OUT-OF-PHASE 

COEFFICIENTS  AS  FUNCTIONS  OF  YAW  ANGULAR 
VELOCITY  AT  DRIFT  ANGLE  0  =  2  DEGREES  FOR 
AHEAD  MOTION  AT  n  ■  1  IN  SHALLOW  WATER, 
H/T  *  1.17 


FIGURE  A. 86  -  LATERAL  FORCE  GAGE  OUT-OF-PHASE 

COEFFICIENTS  AS  FUNCTIONS  OF  YAW  ANGULAR 
VELOCITY  AT  DRIFT  ANGLE  0  -  182  DEGREES  FOR 
ASTERN  MOTION  AT  n  *  1  IN  SHALLOW  WATER, 
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PROPULSION  RATIO  -v  n 

-  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 

PROPULSION  RATIO  n  FOR  AHEAD  MOTION  IN  DEEP 
WATER 


FIGURE  B.l 
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FIGURE  B.2  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 

PROPULSION  RATIO  n  FOR  ASTERN  MOTION  IN  DEEP 
WATER 
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DRIFT  ANCLE  0  IN  DECREES 
AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  6 
FOR  AHEAD  MOTION  AT  n  *  1  IN  DEEP  WATER 
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RUDDER  ANGLE  5f  IN  DEGREES 

FIGURE  R, 7  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING 
RUDDER  ANGLE  FOR  ASTERN  MOTION  AT 
n  -  2  IN  DEEP  WATER 


FIGURE  B.8 
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DRIFT  ANCLE  3  IN  DECREES 
FIGURE  B. 10  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW 
MOMENT  COEFFICIENTS  AS  FUNCTIONS  OF 
DRIFT  ANGLE  C  FOR  AHEAD  MOTION  AT  n  *  1 
IN  SHALLOW  WATER,  H/T  *»  1.17 


RUDDER  ANCLE  5  IN  DEGREES 
m 

FIGURE  B.13  -  AXIAI.  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  6m  FOR  AHEAD  MOTION  AT  n  *  1  IN 
SHALLOW  WATER,  H/T  «  1.17 


RUDDER  ANGLE  6  IN  DECREES 
m 

FIGURE  B. 14  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  6m  FOR  AHEAD  MOTION  AT  n  *  2  IN 
SHALLOW  WATER,  H/T  ■  1.17 


RUDDER  ANCLE  6  IN  DECREES 
m 

FIGURE  B. 15  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  MAIN  RUDDER 
ANGLE  6m  FOR  ASTERN  MOTION  AT  r\  =  -2  IN 
SHALLOW  WATER,  H/T  -  1,17 
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RUDDER  ANCLE  6f  IN  DECREES 

FIGURE  B. 16  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING 
RUDDER  ANGLE  6f  FOR  ASTERN  MOTION  AT 
tj  -  2  IN  SHALLOW  WATER,  H/T  -  1.17 
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APPENDIX  C 

MATHEMATICAL  MODEL,  NON-DIMENSIONAL  HYDRODYNAMIC  COEFFICIENTS, 
AND  METHODS  OF  ANALYSIS  USED  AT  TRACOR  HYDRONAUTICS  FOR  SURFACE 

SHIP  MANEUVERING  PREDICTIONS 
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APPENDIX  C 

MATHEMATICAL  MODEL,  NON-DIMENSIONAL  HYDRODYNAMIC  COEFFICIENTS, 
AND  METHODS  OF  ANALYSIS  USED  AT  TRACOR  HYDRONAUTICS  FOR  SURFACE 

SHIP  MANEUVERING  PREDICTIONS 


The  mathematical-  model,  non-dimensional  hydrodynamic 
coefficients,  and  methods  of  analysis  used  at  Tracor 
Hydronautics  for  surface  ship  maneuvering  predictions  are 
described  in  this  appendix. 


C.l  -  Mathematical  Modal  for  Ship  Maneuvering  Simulation 


Studies 

The  basic  mathematical  model  used  for  the  maneuvering  of 
twin-screw  ships  consists  of  coupled  differential  equations  in 
three  degrees  of  freedom  (surge,  sway,  and  yaw),  which  describe 
the  motions  in  the  x-y  plane,  and  the  complete  set  of  hydro- 
dynamic  coefficients  and  external  forces  which  are  required  to 
numerically  integrate  these  equations.  There  are  also  auxil¬ 
iary  equations  which  describe  the  response  of  the  steering  and 
propulsion  system  to  external  inputs. 

A  complete  set  of  three  differential  equations  with  all  of 
tho  term'’  necessary  to  simulate  normal  maneuvers  of  surface 
ships  is  presented  in  Reference  3.  These  equations  are  based 
on  a  full  six  degree  of  freedom  set  of  equations  developed  by 
the  U.  S.  Navy  for  the  simulation  of  submarine  motions.  For 
maneuvering  studies  of  twin-screw  ships  in  the  presence  of  cur¬ 
rent  and  wind,  this  basic  surface  ship  maneuvering  simulation 
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wus  modified  as  described  in  Reference  8  to  include  the 
following  additional  features: 

a.  Simulation  of  ahead  and  astern  motions  with  continuous 
operation  through  zero  speed; 

b.  Representation  of  both  steering  and  flanking  rudders; 

c.  Representation  of  twin  propellers  with  differential 
thrust ; 

d.  Special  attention  to  low  speed  hydrodynamics  including 
rudder  propeller  interactions,  such  as  the  rudder  kick 
effect ; 

e.  Spatially  varying  current; 

f.  Wind;  and 

g.  Simplified  representations  of  propulsion  and  steering 
gear  dynamics. 

Sign  conventions,  a  simulation  program  flow  diagram,  and 
notation  are  given  in  Figures  C.l  and  C.2,  and  the  report 
NOTATION  section. 

Relative  velocities  (Ur  =  U  -  U^,  VR  *  V  -  Vq)  and 
relative  yaw  rate  (rR  =  r  -  r^)  can  be  calculated  by  the 
vector  addition  of  the  inertial  velocities  (U,  V)  and  inertial 
yaw  rate  (r),  and  the  current  velocities  (U^,  V<0  and 
current  yaw  rate  (r^).  In  the  numerical  integration  a  matrix 
of  current  speeds  (Ucj.j)  and  directions  (*cij)  at  P°ints  on 
the  X,  Y  plane  is  defined.  Based  on  the  location  of  the  bow 
( Xg ,  yb)  midships  (XM,  YM)  and  stern  (Xs,  Ys)  of 
the  ship,  an  interpolation  in  the  current  speed  and  direction 
matrix  is  carried  out  to  obtain  the  current  speed  and  direction 
at  the  bow  (UCB,  Ycr),  midships  (UCM,  ton),  and  stern 
(Ucs#  Yea ) •  The  following  relationships  then  apply: 
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In  Equation  set  [C-l]  the  mean  longitudinal  and  lateral  current 
velocities  in  the  body  axis  system  are  obtained  from  the 
average  of  values  at  the  bow,  midships  and  stern.  The  varia¬ 
tion  of  lateral  velocity  along  the  ship  is  accounted  for  by  an 
apparent  current  yaw  rate  defined  by  the  difference  in  the 
lateral  velocities  at  the  bow  and  stern  divided  by  length. 
This  assumed  the  lateral  velocity  varies  linearly  from  bow  to 
stern. 

The  equations  jf  motion  formulated  for  the  ship  are  as 
follows: 


uR  =  ^u„  +  v; 


VR  *  “UR  sin  SR 


UR  '  UR  cos  SR 


=  arc  tan 


[02] 

[03] 

104] 
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AXIAL  FORCE 
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tc-101 


LATERAL  FORCE 
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Modifications  to  the  equations  of  motion  presented  in 
Reference  3  which  have  been  incorporated  in  the  preceding 
equations  primarily  describe  hull-propeller-rudder 

interactions.  These  effects  are  discussed  in  the  following 
paragraphs. 

Total  rudder  force  and  moment  are  calculated  using  the 
equation: 

*RUD  -  1  LV<V6  '  +  *•  ,  5RUD>  ,C-181 

where  the  velocity  Up,  defined  by: 

Up2  "  <d0RUD2  +  eDn0R0D  +  £D2"2)  IC-19] 


is  a 


function  of  the  absolute  velocity  at  the  rudder  location: 


tC-201 


as  well  as  propeller  RPS,  r.  Coefficients  d,  e,  and  f,  in 

addition  to  coefficients  5  ',  and  N$  ' 

s  s  s  s 

are  obtained  from  c.rve  fits  of  test  data  when  ship  drift  angle 
and  yaw  rate  are  r.ero. 

In  realistic  maneuvers,  the  ship  may  operate  both  ahead 
and  astern  and,  in  some  cases,  at  very  large  drift  angles.  In 
order  to  properly  represent  the  hydrodynamic  forces  and  moments 
which  act  in  such  conditions,  different  sets  of  hydrodynamic 
coefficients  are  used  depending  on  the  relative  drift  angle 
0r.  These  can  be  noted  in  Tables  10  to  16  in  which  the 
hydrodynamic  coefficients  from  the  model  tests  are  presented. 
Most  coefficients  depend  on  both  the  direction  of  motion  and 
the  drift  angle.  In  order  to  obtain  a  better  representation  of 
the  steady  side  force  and  yawing  moment  at  drift  angles  near  90 
and  270  degrees,  certain  coefficients  are  given  an  addition 
value  for  large  drift  angles. 
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The  product  of  the  coefficient  Yj  i  i'  an<*  the  non- 
dimensional  velocity  ratio: 


V 

RUD 


rRXR 


uR/U 


2 

RUD 


tC-21 ) 


represents  the  influence  of  cross  flow  on  the  rudder.  This 
product  is  derived  from  test  data  at  non-zero  drift  angles.  It 
has  been  assumed  that  the  rudder  resistance  due  to  the  cross- 
flow  will  be  proportional  to  this  component  of  lateral  rudder 
force. 


The  surge  equation  includes  a  term  Xrr ' ,  the  longitudi¬ 

nal  component  of  the  hydrodynamic  force  due  to  yaw  rate.  This 
term  is  obtained  from  the  PMM  dynamic  test  data  at  pure 

yawing.  The  axial  force  equation  of  motion  includes  all  the 
longitudinal  forces  while  the  ship  is  swaying  and  yawing 
<  Xvv ' ,  Xvr',  and  Xrr').  Measurements  conducted  at 

DTNSRDC  in  the  rotating  arm  facility  on  models  at  very  large 

drift  angles  show  that  the  value  of  Xvr  is  small  in  these 

regimes.  Based  on  these  data  and  on  theoretical  analysis  the 
Xvr  component  is  approximated  by  the  sum: 


vr 


-  £  L~ 


[X 


vr 


cos  P, 


-  sinBR 


1  VRrR 


IC-22J 


which  satisfactorily  describes  this  force  for  all  drift  angles. 

Asymmetric  forces  and  moments  defined  by  the  non-dimen¬ 
sional  coefficients  Y*'  and  N* '  are  based  on  a  velocity 
similar  to  that  used  for  the  rudder  forces: 


W 


2  «  a.  U 


w  RUD 


+  bwDnURUD 


+  c  D2n2 


IC-231 


with  the  coefficients  aw,  bw,  cw  determined  from  LAHPMM 
tests  results.  Coefficients  aw,  bw,  cw  depend  on  the 
signs  of  both  forward  speed  and  propeller  RPM. 


7 


"V 
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PMM  tests  conducted  at  zero  speed  yield  non-linear  damping 
coefficients  Nr|r|'  three  to  four  times  those  determined  from 
tests  at  finite  forward  speed.  This  behavior  is  reflected  by  a 
non-linear  damping  term  in  the  yaw  equation: 

Nr|r|  *  §  l5  [Nr|r| '  ’  j  1  *  2  [2  ‘  “nhl  l]j]  IC-241 

This  formula  gives  a  value  for  the  coefficient  at  zero  speed 
equal  to  three  times  that  for  the  case  when  the  non-dimensional 
yawing  rate,  r'  =  rL/u  is  less  than  one. 

C-2 .  Non-Dimensional  Hydrodynamic  Coefficients 

The  procedures  used  to  arrive  at  the  numerical  values  for 
the  sets  of  hydrodynamic  coefficients  in  surge-sway-yaw  differ¬ 
ential  equations  given  in  Tables  10  to  16  are  essentially  the 
same  as  those  described  in  References  3  and  8.  In  the  interest 
of  completeness  the  main  features  of  the  procedure  are  briefly 
repeated  here. 

In  the  lateral  force  and  yawing  moment  equations,  all 
terms  except  the  " n  dependent"  terms  are  considered  to  consti¬ 
tute  what  have  been  designated  as  "reference"  equations.  As  a 
matter  of  standard  practice,  the  numerical  values  of  the 
coefficients  for  the  terms  ait  derived  from  the  reference 
l.AHPMM  tents,  which  are  conducted  for  the  case  of  J  *  Jc  at 
the  ship-propulsion  point  defined  as  n  3  1.0. 

Non-dimensional  test  data  Y'  and  N'  are  plotted  and  faired 
as  functions  of  each  of  the  appropriate  non-dimensional 
kinematic  variables  such  as  v',  v*,  r',  and  r'.  Finally,  a 
least  squares  fit  is  applied  to  the  faired  data  representing 
each  of  the  functional  relationships  to  obtain  the  desired  non- 
dimensional  coefficients. 
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Certain  of  these  functional  relationships  are  known  to  be 
linear  from  considerations  of  theory,  such  as  those  related  to 
acceleration,  typified  by  Y$’,  Yr'»  Nf'»  and  N$'.  In 
such  cases,  only  a  straight-line  fit  is  made,  and  the  resulting 
numerical  values  can  be  used  interchangeably  as  coefficients  in 
the  non-linear  differential  equations  or  as  derivatives  in  the 
linearized  equations  of  motion.  A  straight-line  fit  also  is 
used  in  other  cases  where  it  is  evident  from  the  test  data  that 
the  functional  relationship  can  be  closely  approximated  by  such 
a  fit  over  the  entire  range  of  practical  interest.  Here  again, 
the  resulting  values  can  be  treated  either  as  first  order 
coefficients  or  as  derivatives.  For  nonlinear  functional 
relationships,  the  least  square  fits  are  made  to  polynomials, 
typically  carried  up  only  to  second  order  coefficients.  (For 
such  cases  the  numerical  values  of  first  order  coefficients 
associated  with  second  order  fits  are  not  the  same  as  deriva¬ 
tives  used  in  the  linearized  equations  of  motion.)  It  may  be 
noted  that  many  of  the  second  order  coefficients  in  the  refer¬ 
ence  equations  involve  the  use  of  absolute  values  of  certain 
kinematic  variables.  This  is  done  to  assure  proper  signs  in 
the  computer  representations,  and  is  comparable  to  the  use  of 
third  order  coefficients  for  odd  functions  in  the  Taylor  expan¬ 
sion  method.  Values  of  some  coupling  coefficients  in  the 
reference  equations,  such  as  Yv  j  r  j  *  and  Nvjrj',  can  be  derived 
by  applying  first  order  least  square  fits  to  plots  of  Y'  and  N' 
versus  the  products  v'|r'|  and  |v'jr',  respectively.  However, 
recent  analyses  of  model  test  data  from  deep  and  shallow  water 
programs  has  shown  that  better  curve  fits  are  provided  by 
coefficients  of  the  form  Y  v|r''  *vr2*'  Njvjr''  an<*  Nvr2'* 

In  both  cases  the  data  are  acquired  from  LAHPMM  yawing  tests  in 
which  the  model  is  maintained  at  a  constant  drift  angle  0  to 
the  oscillatory  path. 
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All  of  the  coefficients  of  the  n-dependent  terms  in  the 
lateral  force  and  yawing  moment  equations  are  considered  to  be 
of  first  order.  Their  values  are  based  on  linear  fits  to  non- 
dimensional  Y-force  and  N-moment  plots  as  functions  of  (n  -  l)r 
derived  from  the  overload  and  underload  PMM  tests.  In  the 
axial  force  equations,  coefficients  Xvv*  and  Xvvn'  are 

derived  by  a  process  similar  to  that  for  the  corresponding 

lateral  force  coefficients.  The  values  of  Xu'  and  xvr '  are 

estimated  using  PMM  data  obtained  from  other  test  programs. 
The  procedure  for  obtaining  the  values  of  the  coefficients 

a^r  b^,  and  c^  from  the  net  force  curve,  X'  versus  n,  is 
described  in  Reference  3.  Basically,  these  values  of  a*, 
bj,  and  c^  are  generated  by  applying  quadratic  fits  to  the 
X'  curve  in  four  segments  of  n. 

Coefficients  X{gaa',  Y$g*  and  Ngg',  as  well  as 
coefficients  d,  e,  and  f  in  the  expression  of  the  squared 
velocity: 

U2  -  (d  U2  +  eDnU„  +  fD2n2)  [C-25] 

P  fx  K 

are  derived  from  appropriate  curve  fits  to  the  tested  data. 

The  complete  set  of  hydrodynamic  coefficients  for  the  ship 
are  presented  in  Tables  5  ho  11  for  both  ahead  and  astern 
motions.  As  noted  previously  some  coefficients  have  multiple 
values  depending  on  direction  of  motion,  relative  drift  angle 
and  propeller  rotation.  The  hydrodynamic  coefficients  are 
assigned  values  in  accordance  with  the  following  rules. 


a.  The  following  coefficients  have  one  of  two  values 
depending  on  Ur  >  0  {+)  or  Ur  <  0  (-): 
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b.  The  following  coefficients  have  one  of  four  values 
depending  on  relative  drift  angle  Br: 

f  0R |  <  ±30°,  30°  <  0R  <  150“ ,  150*  <  6  <  210“, 

210“  <  @R  <  330°. 

V-  Mvf'  V/'  M.l.’*  V'  "vlvf '  Nvn*'  "vlvln- 


c.  The  following  coefficients  have  one  of  four  values 
depending  on  ur  and  direction  of  propeller  rotation. 


uR  >  0,  n>0?  uR  >  0,  n<0;  uR  <  0,  n>  0;  uR  <  0,  n<0 
X.  .  X,  f  Y*',  Y  -  Y,  ',  N*',  N.  ',  N.  ', 

6s6s  Vf  &s  6f  6f  5f 

Y.  '»  N.  ' 

slvl  SM 

di'  ei'  fi  *n  calculatl°n  of  up2* 

a  ,  b  ,  c  in  calculation  of  w  *. 
www  p 
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d.  The  following  coefficients  have  one  of  eight  values 
depending  on  the  signs  of  ur  and  n. 

uR  +  or  -  and  -»  <  n  <  -1;  -1  <  n  <  0;  0<  rj  <  1 ,  1  <  n  <  • 
aj ,  bif  ci  in  calculation  of  net  thrust. 


03.  Simulation  Procedure 

The  simulation  program  can  be  operated  in  two  modes,  fast 
time  and  real  time.  ~n  the  fast  time  mode,  the  equations  are 
integrated  as  fast  as  possible  by  the  computer  and  the  rudder 
and  propulsion  system  commands  are  controlled  by  some  pre¬ 
determined  logic.  This  mode  is  used  to  simulate  the  standard 
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All  of  the  coefficients  of  the  n-dependent  terms  in  the 
lateral  force  and  yawing  moment  equations  are  considered  to  be 
of  first  order.  Their  values  are  based  on  linear  fits  to  non- 
dimensional  Y-force  and  N-moment  plots  as  functions  of  (n  -  1), 
derived  from  the  overload  and  underload  PMM  tests.  In  the 
axial  force  equations,  coefficients  Xvv'  and  Xvvn'  are 
derived  by  a  process  similar  to  that  for  the  corresponding 
lateral  force  coefficients.  The  values  of  Xu'  and  Xvr  *  are 
estimated  using  PMM  data  obtained  from  other  test  programs. 
The  procedure  for  obtaining  the  values  of  the  coefficients 
a^,  bj,  and  c^  from  the  net  force  curve,  X'  versus  n,  is 
described  in  Reference  3.  Basically,  these  values  of  aj , 
b£,  and  c^  are  generated  by  applying  quadratic  fits  to  the 
X'  curve  in  four  segments  of  n. 

Coefficients  Xgggg',  Y$s'  and  N^g',  as  well  as 
coefficients  d,  e,  and  f  in  the  expression  of  the  squared 
velocity: 

Up  =  (d  UR  +  eDnUR  +  fD2n2)  [C-25] 

are  derived  from  aprropriate  curve  fits  to  the  tested  data. 

The  complete  set  of  hydrodynamic  coefficients  for  the  ship 
are  presented  in  Tables  5  to  11  for  both  ahead  and  astern 
motions.  As  noted  previously  sume  coefficients  have  multiple 
values  depending  on  direction  of  motion,  relative  drift  angle 
and  propeller  rotation.  The  hydrodynamic  coefficients  are 
assigned  values  in  accordance  with  the  following  rules. 

a.  The  following  coefficients  have  one  of  two  values 
depending  on  ur  >  0  (+)  or  Ur  <  0  (-): 
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b.  The  following  coefficients  have  one  of  four  values 
depending  on  relative  drift  angle  Br* 

|br|  <  ±30°,  30°  <  8r  <  150°,  150°  <  B  <  210*, 

210"  <  8r  <  330°. 


v  v  n 


N. 


c.  The  following  coefficients  have  one  of  four  values 
depending  on  ur  and  direction  of  propeller  rotation, 
n. 

uR  >  0,  n  >  0;  uR  >  0,  n  <  0;  uR  <  0,  n>  0;  uR  <  0,  n  <  0 


X6  «  *'  X«  6  ’’  Y**'  Y6  Y fi  N**'  N«  '*  »«  '# 
S  S  F  F  S  F  F  °F 


di'  ei'  fi  *n  calculation  of  up2* 

a  ,  b  ,  c  in  calculation  of  w  2 . 
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d.  The  following  coefficients  have  one  of  eight  values 
depending  on  the  signs  of  ur  and  n. 

uR  +  or  -  and  -«  <  n  <  -1;  -1  <  n  <  0 »  0<  n  <  1 ,  1  <  n  <  • 
a^ ,  b^,  c^  in  calculation  of  net  thrust. 


03.  Simulation  Procedure 

The  simulation  program  can  be  operated  in  two  modes,  fast 
time  and  real  time.  In  the  fast  time  mode,  the  equations  are 
integrated  as  fast  as  possible  by  the  computer  and  the  rudder 
and  propulsion  system  commands  are  controlled  by  some  pre¬ 
determined  logic.  This  mode  is  used  to  simulate  the  standard 
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definitive  maneuvers  including  turns,  zig-zags,  and  spirals. 
This  mode  also  would  be  used  for  simulation  of  maneuvers  con¬ 
trolled  by  some  type  of  autopilot  logic.  In  the  real  time  mode 
the  computer  integrates  equations  at  a  rate  which  corresponds 
to  real  time  and  provides  printed,  plotted,  or  bridge  simulator 
information  on  position,  heading,  rates,  rudder  angles  and  pro¬ 
peller  RPM  in  real  time.  The  simulation  is  controlled  by  a  man 
in  the  loop  making  decisions  based  on  the  output  information 
and  providing  input  rudder  and  RPM  commands  via  the  analog  to 
digital  converter  associated  with  the  computer.  The  real  time 
mode  can  be  used  in  studies  of  complex  maneuvers. 

A  flow  diagram  for  a  twin-screw  ship  maneuvering  simula¬ 
tion  program  is  presented  in  Figure  C.2.  The  basic  program 
logic  is  not  complex.  After  the  initial  conditions  are 
established,  a  loop  is  repeated  each  time  step.  The  steps  in 
the  loop  are:  1)  the  ce.lculation  of  relative  velocities,  2) 
the  calculation  of  external  forces,  3)  the  determination  of 
control  inputs,  4)  the  selection  of  the  proper  set  of  hydro- 
dynamic  coefficients,  5)  the  <.  ilculation  of  accelerations 
u,  v,  r  from  the  equations  of  motion,  6)  the  calculation  of  up¬ 
dated  velocities  an  >  positions  and  7)  the  output  of  data  on 
position  velocities,  etc. 

The  simulation  program  is  written  in  FORTRAN  IV  and  can 
operate  on  a  minicomputer  with  32K  of  core  memory.  In  the  fast 
time  mode  with  a  two  second  time  step  the  program  runs  at  about 
ton  times  faster  than  real  time.  Normally  the  results  are 
documented  by  a  summary  of  parameters  at  10  second  intervals 
and  a  plot  showing  the  position  every  30  seconds.  Simulated 
maneuvers  of  the  river  tow  referenced  in  this  report  were  per¬ 
formed  in  the  fast  time  mode,  without  current  or  wind,  and 
without  computer  plotting. 
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FIGURE  C.2 
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-  FLOW  DIAGRAM  FOR  TWIN  SCREW  SHIP  MANEUVERING 
SIMULATION  PROGRAM 
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APPENDIX  D 

NEAR-BANK  AND  WAVY-BOTTOM  INTERACTION  TEST  DATA  FOR  7.5  FOOT 
(PROTOTYPE)  DRAFT  TOWBOAT  WITH  15-BARGE  TRAIN 


-2  0  2  4  6  8  10  12  14  16  18  20  22  24 

DRIFT  ANGLE  3  IN  DEGREES 


FIGURE  D.2  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
WITH  BANK-TOW  SPACING  OF  0.50  BEAM.  AHEAD 
MOTION  AT  n  -  1  IN  SHALLOW  WATER,  H/T  ■  1.50 


<1  -2  0  2  4  6  8  10  12  14  16  18  20  22  24 


DRIFT  ANCLE  3  IN  DECREES 

FIGURE  D.3  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
WITH  BANK-TOW  SPACING  OF  1.00  BEAM.  AHEAD 
MOTION  AT  n  -  1  IN  SHALLOW  WATER,  H/T  -1.50 


"2  0  2  4  6  8  10  12  14  16  18  20 

DRIFT  ANGLE  B  IN  DEGREES 

FIGURE  D.5  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  8 
WITH  BANK-TOW  SPACING  OF  0.50  BEAM.  AHEAD 
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PROPULSION  RATIO  ^  n 

FIGURE  D. 7  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 

PROPULSION  RATIO  n  FOR  AHEAD  MOTION  OVER 
IRREGULAR  BOTTOM 
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PROPULSION  RATIO  *  n 


FIGURE  D.8  -  AXIAL  FORCE  COEFFICIENT  AS  FUNCTION  OF 

PROPULSION  RATIO  n  FOR  ASTERN  MOTION  OVER 
IRREGULAR  BOTTOM 


I 


I 


200 


DRIFT  ANGLE  ?,  IN  DECREES 

FIGURE  D. 10  -  AXIAL  FORCE,  LATERAL  FORCE,  AND  YAW  MOMENT 
COEFFICIENTS  AS  FUNCTIONS  OF  DRIFT  ANGLE  0 
FOR  ASTERN  MOTION  At  n  *  1  OVER  IRREGULAR 
BOTTOM 
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RUDDER  ANGLE  «  IN  DEGREES 
m 

FIGURE  D. 12  -  AXIAL  FORCE,  LATERAL  FORCE  AND  YAW  MOMENT 

COEFFICIENTS  AS  FUNCTIONS  OF  FLANKING  RUDDER 
ANGLE  6f  FOR  ASTERN  MOTION  AT  i\  •  1  OVER 
IRREGULAR  BOTTOM 


